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GUTEHOFFNUNGSHÜTTE 
STERKRADE 
AKTIENGESELLSCHAFT 
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De GHH- transportabele hydraulische spaninrichting 


betekent vlugger en veiliger stutten! 


Het gebruik van de hamer, met de daaraan verbonden risico’s, is overbodig. 
De GHH stempels met torsieslot zijn instelbaar voor iedere gewenste 


belasting. 


Het roven van de stempel kan op afstand geschieden (door middel van 
een trekkabel). Bovendien waarborgt het torsieslot minimale slijtage en 
onderhoud. Door eenvoudige constructie en relatief gering gewicht: 
goedkoop. Vraag ons prijsopgave voor GHH torsiestempels en GHH 


kappen. 


ROLLO NV. - ALEXANDERSTRAAT 10 - DEN HAAG 


BUKANTOOR VOOR LIMBURG: DIPL ING, F. J, HUNDSCHEID, AKERSTRAAT 130A, HEERLEN 


Zware industrie stelt zware eisen! EN 


voor de zware indust 


mijnbouw ontwikkelc 


Meer dan so jaren vervaardigt Vredestein nu al technische rub- 


berartikelen. Meer dan so jaren al, lost Vredestein vaak hopeloos- Arauepontunnden 
liikende problemen op, die de zware industrie met zich meebrengt. o Synthetische hitteb 
Zware eisen worden vaak gesteld aan Vredestein rubberartikelen. ige band 


Dank zij hechte samenwerking met de industrie, intensieve proef- 


. : : : . turen van I5ooCenin: 
nemingen en onderzoekingen op laboratoria, en in de praktijk 5 


kan Vredestein een goede kwaliteit van haar artikelen waarborgen. teel hoger o Normalc 
Grote problemen - kleine problemen: Vredestein schenkt er thetische hitte-beste 
haar aandacht aan! banden tot IIOo Co 


slijtvaste transportb 
voor erts- en kolenve 
o Banden met kunstve 
lagen voor hoge trek] 
ten o Brandvrije tran 
banden o Olie- en vett 


dige banden enz. 


Slangen 

o Hogedruk boorhame 
met werkdrukken v 
atm. en hoger o Ne 
persluchtslangen en 
slangen o Stofafzuigs 
o Opvouwbare ventilz 
kers o Speciale slange 


bijzondere toepassing 


Trillingdempers 

Zowel voor actieve al 
sieve trillingsabso 
Ronde en rechthoekig 
dellen zowel voor be 
onder druk als ond: 
schuifspanning. 

En ieder ander tec| 
rubberprodukt, dat ge 


is om voor Uw specia 


passing, gebruikt te w 


V) VREDESTEIN een naam in rubber. 


Expansiestukken 

Zowel ronde expansi 
ken met diameters to 
mm als anders gev: 
voor bijv. koelwater- 


leidingen. 


Uitvoerige bedrijfsdocumentatie 


U op aanvraag gaarne toegez 


1-5819 


Betonmortel 


van 


@® meer winst 
@® minder kopzorg 
@ vluygger houwen 


Immers het grote probleem - de bereiding van constant beton - wordt door 
de betonmortelfabriek voor u opgelost. 

Om nog even enkele detailpunten te noemen die tot de bovengenoemde 
drie eindsuccessen leiden: 


* u ontloopt investeringen in betonmolens, transport- en aansluitingskosten 
daarvan, 

* geen opslag en geen verlies van grondstoffen op 't bouwwerk, 

* geen risico van afkeuring van grondstoffen, 


besparing van alle arbeid dus van arbeidskrachten nodig voor het mengen 
van beton, 


zekerheid van ononderbroken stort. 


+ 


+ 


Betonmortel van Cemij-cement wordt u geleverd in de door u bestelde meng- 
verhouding en zetmaat en met de eventueel gewenste toeslagstoffen, als 
air-entrainers, e.d. 


... en U kunt Uw investering tot een 
minimum beperken, daar wij constant en 
vlot uit voorraad kunnen leveren: 


Ole 


Stalen platen in Th. en S.M. kwaliteit; 
hoekijzer (gelijkzijdig en ongelijkzijdig) 
U-ijzer N.P. 4 t/m 40 


Breedflens- en N.P. balken 10 t/m 50, 


zware balken is immers onze specialiteit, 
T-ijzer, plat-, rond- en vierkant ijzer, 
Stutrails voor kolenmijnen 


Oi» 


Door uitermate snelle aflevering is onze 
grote sortering Uw voorraad! 


Vraagt U eens onze voorraadlijst aan, 
wij houden U dan regelmatig op de hoog 
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BRONSWERK piipleidingen 
| edriifszekerheid en veiligheid 


sinds 1867! * Duizenden kilometers piipen voor hoge dru 


en wij aan bedriiven en schepen over de gehele wereld geleverd * In de pi 
e duizenden kilometers verwerkt + Bronswerk piipleidingen voor ( 
an de eisen van Lloyd’s, Veritas en het Stoomweze 
Amsterdam-N. - Telefoon 610 


Dat kunnen wii U garanderen omdat wii pipleidingen maken 


en lage druk, voor vloeistof en gas hebb 
leiding die wij voor U maken is de ervaring van al di 
hoogste temperaturen * Alle Bronswerk piipen voldoen desgewenst a 
Vraag onze uitvoerige brochure „Piipleidingen” aan. N.V. Bronswerk - Grasweg 30 - 
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GEOLOGIE EN MIJNBOUW 


SOME CROSSFOLDS AND RELATED STRUCTURES IN 
NORTHERN SCOTLAND 


JOHN SUTTON ! 


Soon after the systematic mapping of the 
cerystalline rocks in northern Scotland was begun 
by the Geological Survey of Scotland it was real- 
ised that more than one fold system had de- 
veloped in the Moine rocks during the Caledonian 
orogeny. Horne and Teall (1907, p. 601) described 
a system of folds whose axial planes dipped to 
the E.S.E., and other folds with axes running 
W.N.W. or north-west, and a little later Cramp- 
ton recognised a double system of folds near 
Beinn Dronaig in southern Ross-shire (Peach et 
al. 1913). In this paper I propose to mention a 
number of examples of folding in which structures 
have been formed running oblique to the regional 
N.N.E. trend of this part of the Caledonian 
chain. These oblique structures are of several 
kinds, and their geometric froms and age re- 
lationships throw some light on the ways in 
which they were produced. 

The structures in question occur in the 
counties of Ross-shire and Inverness in ground 
east of the Moine Thrust which can be con- 
veniently located on any small-scale map of Scot- 
‚ land as the region lying due east of the whole 
of the Island of Skye. The crystalline rocks in 
which they are developed consist for the most 
part of argillaceous and siliceous members of the 
Eo-Cambrian Moine Series which have reached 
the garnet, kyanite or sillimanite grade of meta- 
morphism and which in some districts have also 
been migmatised. Among these metamorphosed 
sediments occur detached masses of much older 
Lewisian rocks already affected by two Pre Cam- 
brian orogenies — the Scourian 2700 million 
years and the Laxfordian 1,400 million years 


1 Imperial College, London. 


(Sutton and Watson, 1951, Giletti 1959). These 
rocks are made up largely of gneisses, often 
migmatitic, associated with a variety of meta- 
morphosed sediments and minor intrusions. They 
formed the basement on which the Moines were 
laid down, and are now seen as anticlinal cores 
or as thrust slices in the Moinian rocks (Clough 
in Peach et al. 1910, Kennedy 1955 p. 371, T.N. 
Clifford, 1957). Both basement and cover have 
been so deformed during the Caledonian orogeny 
that almost everywhere the lithological banding 
and the foliatian planes of the Moine and Lewisian 
are virtually parallel. This parallelism appears to 
have been produced very early in the Caledonian 
orogeny and the folds mentioned in this account 
have, for the most part, affected the Moine and 
Lewisian in much the same way. 

An excellent and readily accessible summary of 
the regional geology of Northern Scotland was 
provided in 1948 by Phemister who has recently 
published a review of subsequent work in the 
district (Phemister 1958). Phemister (1948, pp. 
21-24) drew attention to several areas in the 
Moines where departures from the regional 
N.N.E. strike have been observed and attributed 
these departures to the effects of the interference 
of successive fold systems. It was already clear 
from the work of the Geological Survey sum- 
marised by Phemister, and illustrated by the 
1/63,000 maps of northern Scotland, that more 
than one fold system was developed during the 
Caledonian orogeny and that the directions of the 
fold axes were quite variable. In the last ten 
years a number of workers (Phillips 1951, McIn- 
tyre 1951, Kvale 1953, T. N. Clifford 1957 
among others) have discussed the regional 
structure of the northern Highlands, and their 
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findings have, on the whole, strengthened this 
impression of the complexion of the folding. 
King, Rast & Platt, (Rast & Plate 1957, King & 
Rast 1955, 1956), have during the same period 
paid considerable attention to problems of cross 
folding in the southern and central Highlands; it 
is evident that complex folding is a regional 
character of the Scottish Caledonides. I do not 


y 


"Loc 


propose to review this interesting work but shall 
confine myself to discussing Fold suruerures in a 
small part of the chain where in the past low 
years among others Dr, ], G, Ramsay, Dr, M. R, 
W, Johnson, De, M, ], Rleuty, Dr, P, Clifford and 
Dr. J, V. Watson and myself have been paying 
partieular attention to the geological struerures; 
a number of accounts have appenred (Clifford et 
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"] Hornblendio 
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Follation 
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Fig. 1 — Sketch map of parts of Wester Ross and northern Inverness, Information from Geol; Surv, Scotland 
map sheets 82 and 92 and from P, Clifford 1960, M, J. Fleuty 1956, J. G, Ramsay 1958, Surton and Wanon, 
The dashed lines show traces of folds formed in the second fold system, The rocks marked "hornblendie' are 
probably Lewisian; other rocks east of the Moine thrust are Moinian of which the predominaneıly Pelitie group 
is the youngest and the Lower Siliceous group the oldest, 


al, 1957, Clifford 1960, Fleuty 1956, Johnson 
1957, 1959, Ramsay 1958a, 1958b and 1960, 
Surron & Watson 1953, 1954, 1959) while the 
results of work by orher members of the group 
should appear in the future, 

Within the region to be discussed, the effects 
of at least three periods of folding have been 
recognised, During each period, major folds, 
several kilometres in amplitude were developed, 
and these folds were accompanied by small-scale 
structures such as axlal-plane cleavages or 
schistosities, lineations and minor folds. The 
abundance of the small structures greatly assists 
the investigation of the larger folds, once the 
relation between large and small structures has 
been established (for an example of detailed 
analysis of the superposition of fold systems, and 
an illustration of the techniques employed, the 
reader should consult Ramsay, 1958a). 


Some indication of the general pattern of the 
major folds is provided by the maps of Figures 
l and 2, It will be seen that the fold traces (i.e,, 
the lines of outerop of the axial planes) run in 
various directions even within a single system, 
and that individual folds may change course along 
their length, Examples of such variations are 
provided by several of the folds crossing Strach 
Bran, Gradual changes in the strike and dip ot 
an axial plane, or in the trend and plunge of a 
fold axis, are commonly seen and appear to be 
essential features of the structure, Because of 
these varlations, it is Impossible to make sharp 
distinetions between the main or longitudinal 
folds of a system, which run parallel to the region- 
al trend of the chain, and oblique or cross-folds 
running across this trend, In this respect, the 
structure resembles that of the Tessin region of 
the Alps and Wenk’s comments on the latter 
could equally well be applied to the region 
described here; (Wenk 1955 p. 315). 

"Die Struktur ist verwickelt, aber in sich ge- 
schlossen, Lings- und Querfäden gehen ineinan- 
der über, Bogenförmiger Verlauf der Faltenach- 
sen beherrscht so sehr das Feld, dass wir heute 
nicht mehr zwischen Längs- und Querfalten dif- 
ferenzieren können und dass wir keinen einzigen 
Teilbereich als Fremdkörper der Struktur betrach- 
ten dürfen.” 

All chree phases of folding were accompanied 
by regional metamorphism, though the intensity 
of this metamorphism was lessening towards the 
end of the deformation, There is at present no 
evidence to show how long an interval separated 
the phases of movement and it is indeed quite 
likely in my opinion that some deformation was 
always taking place somewhere witkin the region, 
There is, however, perfectly clear evidence that 
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in certain localities, particularly near the western 
front of the mountain chain, deformation was 
periodically brought to a halt, The crystallisation 
of entirely disoriented minerals indicates, as 
Bailey has put it, the alternation of periods of 
flurried and tranquil erystallisation, F, May 
(1959) has recently made a special study of this 
topic. 

Before discussing examples of crossfolds, I 
should like to make some general remarks about 
the development of the three fold systems in this 
part of the Highlands, The earliest folds are proba- 
bly the largest structures, but because of later 
deformation their shape is often difficult to 
establish, Although the existence of folds with 
anticlinal cores of Lewisian has been postulated 
for a very long time — the idea goes back at 
least seventy five years (Geikie 1884) — much 
of the early work failed to distinguish the effects 
of superimposed structures and led to wrong 
interpretations, Thus the long pelitic belt running 
from Loch Fannich to Beinn Dronaig shown on 
Figure 1 was interpreted as an anticline wich a 
Lewisian core, whereas in fact it appeats to be a 
syncline superimposed on an earlier structure, 
Even Clough, a quite exceptional observer and a 
metieulous mapper, failed to disentangle the 
effects of the three superimposed sets of structures 
in the Glenelg area on the west coast of Scotland 
opposite Skye, Here Ramsay (1960) has recently 
been able to map open synclines of Moine rocks 
Iying between masses of Lewisian, The synclines 
are the earliest folds yet recognised and can be 
regarded as type examples of the first ser of 
structures, Bach syncline passes downward into a 
narrow strip of intensely sheared Moine rock 
nipped in between two masses of Lewisian 
basement in the manner envisaged earlier by 
Clough in Peach er al, (1910) and bij Kennedy 
(1955). Kennedy drew a comparison between 
such structures and the wedges of cover 
sandwiched between slices of the basement in the 
Hercynian Massifs of the Alps. What Ramsay 
was able to do for the first time in the ground 
north of Loch Hourn was to show how such 
wedges passed upwards into open folds and to 
establish che nature of these folds, In particular 
he has been able to show how the folds are 
deformed by a second set of folds which in turn 
are deformed by a third set (Ramsay 1960 Figs. 8 
and 12). Thus in a few square kms north of Loch 
Hourn (Fig. 2 of this paper; see also Ramsay 1960) 
the existence of three separate sets of structures can 
be demonstrated (Ramsay 1960). Sutton and Wat- 
son had inferred that there must be three sets of 
structures in the ground further north, but here 
the earliest structures are so fragmentary that 
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(Ist Set) produced the arrangement of alternating bands of Moine and Lewisian near 
Beinn a Chapuill (B.A.C. of map) and Letterfearn folds belong to the second set. 
rked by double lines. Open folds of the first set have been mapped by Ramsay in 


Fig. 2 — The earliest folds 
Dronaig, shown on Map 1 lies 28 km N.E. of Glenelg. 


Glenelg. The Gleann Beag, 
Later folds (3rd Set) are ma 
ground further east. Beinn 


their geometry could not be established with any 
completeness (Sutton & Watson 1959). 


The possible extension of these early structures 
into the ground further east and north remains 
one of the greatest uncertainties in the investi- 
gation of the area. In 1957 T. N. Clifford 
suggested that a band of Lewisian rocks south 
west of Beinn Dronaig lay on a slide or thrust. 
I am inclined to think that this slide may take a 
slightly different form from that envisaged by 
Clifford, and may also underlie the detached 
masses of Lewisian in central Ross-shire (shown 
in Figure 1 as hornblendic rocks). If this proves 
to be the case the regional picture at the time of 
these early folds might have been as follows. In 
the west of the region Lewisian anticlinal cores 
alternated with Moine cynclines. These folds 
which were developed on axial planes dipping E., 
E.S.E. or S.E, gave way further east to even 
larger structures in which thrust sheets of Lewisian 
many tens of kms long overlay uninverted 
sequences of Moines which reached several kilo- 
metres in thickness. This interpretation is specu- 
lative but the point which most concerns us here 
is well established. It is plain that the parallelism 
between the Moine and Lewisian was established 
during these early movements and that later 
systems of folds, as I have already remarked, 
affected both formations alike. 


The second system of folds is now quite well 
known. In the north near Loch’ Fannich (Figure 
1) the structures are open folds (see Sutton & 
Watson, 1954). They tighten up southward, and 
in central and southern Ross-shire (centre and 
bottom of Fig. 1) and Inverness the folds are tight 
and often isoclinal; examples of these compressed 
folds are described by Ramsay (1958a) and Fleuty 
(1956). An important system of cross folds 
developed during this period of folding and I will 
mention several examples of these. Like the main 
folds, the cross-folds are open structures in the 
north and become tighter towards the south. A 
later system of folds, now known to be the third 
in the sequence, has been recognised over most 
of the more southerly parts of the district and in 
fact appears to be present wherever the structures 
of the second set are tightly compressed. 'The 
largest folds, of this system so far identified 
(Ramsay 1958b) occur in the south-west of the 
area near Loch Hourn (fig. 2) where they measure 
several kms from limb to limb. Further north on 
the borders of Ross-shire and Inverness-shire, 
where Ramsay (1958a) and Fleuty (1956) first 
established the existence of this set of structures, 
the system generally takes the form of rather 
numerous folds a few 100 metres in width whose 
axial planes cross the country with extraordinary 
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regularity from $.S.W. to N.N.E,, finally to die 
out in central Ross-shire. There the structures 
continue as a series of even smaller plications 
which have been studied near Loch Luichart br 
P. Clifford (1960) and more recently by Dr. Wat- 
son and the writer. 


The Moine thrust appears to be later than all 
these fold systems. It demonstrably cuts the 
second set west of Fannich and almost certainly 
cuts the third set near Loch Hourn though this 
cannot be demonstrated as the thrust runs out to 
sea between Skye and the Mainland. There must 
have been a rather close parallelisim between the 
original attitudes of the axial planes of many 
folds belonging to each of the three systems and 
the plane of the Moine thrust, suggesting that 
the stress fields formed throughout the defor- 
mation had something in common; despite the 
complexities which are to be described the over- 
riding movements appear to have driven the 
Moines consistently in westerly or north-westerly 
directions towards the foreland of the Caledonian 
chain. 


Several kinds of oblique structures were 
produced by the movements ‘whose effects are 
outlined above. Some of these would probably 
be accepted as cross-folds by most geologists. 
Others do not entirely conform to the picture of 
cross-folds, but all varieties have one feature in 
common — their axes, or their axial planes, or 
both, are oblique to the dominant trend of 
structures in the region where they occur. Where 
the axial planes of the oblique folds run at 
considerable angles to those of the longitudinal 
folds, a characteristically complex pattern is 
shown by the outcrops of key horizons. Where 
the axial planes of longitudinal and oblique folds 
are more nearly parallel, and the divergence is 
confined to the axial directions, the outcrop 
pattern is generally simpler. 

Our experience in the Northern Highlands 
suggests that the oblique folds have been formed 
in a number of different ways, and are not 
products of a unique process. Some examples of 
the various types of cross-folds, taken from the 
areas shown in Figures 1 and 2, are described in 
the following pages. These types could, I suggest, 
be classified as follows: 


1. FOLDS IN WHICH BOTH AXES AND AXIAL 
PLANES ARE OBLIQUE TO THOSE OF THE 
LONGITUDINAL FOLDS 

(a) Contemporaneons cross-folds. 

(b) Superimposed folds: cross-folds later than 

longitudinal folds. 

(c) Superimposed folds: cross-folds earlier than 

longitudinal folds. 
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2. FOLDS IN WHICH THE AXIAL PLANES ARE 
PARALLEL TO THOSE OF THE LONGITUDINAL 
SET BUT THE AXES ARE OBLIQUE. 


3. FOLDS IN WHICH THE AXES ARE PARALLEL 
TO THOSE OF THE LONGITUDINAL SET BUT 
THE AXIAL PLANES ARE OBLIQUE. 


1. FOLDS IN WHICH BOTH AXES AND AXIAL 
PLANES ARE OBLIQUE TO THOSE OF THE 
LONGITUDINAL FOLDS 


a Contemporaneous cross-folds 
The Fannich Mountains 

In and around the Fannich mountains in 
Central Ross-shire (top of Figure 1.) a series of 
open folds was formed about S.E. dipping planes 
(Sutton & Watson, 1954) during the second set 
of movements as set out in this paper. The 
longitudinal folds of the system occur in pairs 
with a syncline to the west and an anticline in 
the east joined by a steeply-dipping common 
limb. The plunges of these folds vary from 15° 
to the north to as much as 47° to the south or 
south-east (see Fig. 4, Sutton & Watson 1954). 
The variations in plunge are not the same in 
neighbouring folds and as a consequence of this 
the thickness of the steep limb joining a pair of 
folds varies, as a further consequence, open S.E. 
trending cross-folds from place to place appear 
on the more gently-inclined limbs of the main 
folds opposite culminations and depressions of 
plunge, (consider ground near Loch Fannich, 
shown on figure 1). There can be no doubt that 
the formation of the cross-folds is bound up with 
the changes in plunge of the longitudinal folds 
and since these changes cause the thickness of 
the steep limbs to vary in a manner which must, 
I think, be an original feature of the whole 
structure, it would appear that both sets of folds 
developed together at the time when the structure 
was initioted. The cross-folds are shallow open 
structures which can be followed for several kilo- 
metres along the strike of the axial plane and 
terminate against the axes of adjacent 
longitudinal folds. They are considerably less 
tightly compressed than the main folds which, as 
Fairbairn (1949) pointed out, is often the case 
with cross-folds. No exial plane cleavage and very 
few linear structures have been formed with these 
open cross-folds though both types of structure 
were widely developed in association with the 
main folds. 

I do not think that anyone would quarrel with 
the use of the word cross-fold to describe the 
open oblique structures at Fannich. It is however, 
a striking fact that fold axes of the main fold 
system locally run almost parallel to the axes of 
the cross-folds. The longitudinal fold system is 
in general a north-south system but individual 


axes may depart from the north-south trend. 
Where this occurs it often happens that each 
member of a pair of folds diverges in such a way 
that the mean trend of the pair remains north- 
south. One such divergent fold — the Fhionn 
Bheinn syncline (Fig. 1) was formed on an axial 
plane dipping gently to the north-east with a 
fold axis running south-east. Not far away, north 
of Loch Fannich is an open cross-fold formed 
about a nearly vertical axial plane striking S.E. 
Thus within a few kilometres one finds main and 
cross-fold axes running parallel ‚though the two 
folds have rather different forms. 

One further point about the structure at Fan- 
nich may be mentioned. The axial planes of the 
longitudinal folds appear in the southern part of 
the region to be themselves folded, sometimes 
about axes rather similar to those of the cross 
-folds, and sometimes, about axes parallel to those 
of the nearby main folds. This arrangement was 
presumably produced as the fold system continued 
to close during deformation. 


Southern Ross-shire 

In southern Ross-shire and in Inverness some 
15 to 25 kms south of Loch Fannich Mountains 
members of the same fold system have been 
mapped (Clifford 1960, Fleuty 1956, Ramsay 
1958a, Sutton & Watson 1953). Here the defor- 
mation is more intense. The main folds are 
nearly isoclinal, and the cross-folds are tight and 
often overturned structures accompanied by a 
strong axial plane schistosity and well-developed 
linear structures. 

A remarkable feature of the system is the fact 
that neighbouring cross-folds differ widely in 
trend and plunge, a fact first brought out by 
Fleuty in his study of the Sgurr na Fearstaig and 
Glen Orrin folds (Fig. 1). The Sgurr na Fearstaig 
fold plunges 50 degrees south, almost down the 
dip of the axial plane, while the adjacent Orrin 
synform plunges more gently (30 degrees) south- 
west. Ramsay (1958a) and Sutton and Watson 
(1953) had earlier mapped cross-folds of the same 
system to the south and the north, and as a result 
of Fleuty’s work one can now suggest the whole 
series of six are linked in the manner shown in 
Fig. 3. The folds close alternately to the east and 
west, and their form is brought out on the map 
(Fig. 1) bij the outcrop of an important belt of 
pelitic rocks. All the cross-folds are believed to 


‚lie on the normal limb of a large longitudinal 


fold of the same generation; they show a tendency 
to die out on approaching the axis of this fold. 
The stratigraphical order throughout the sequence 
of folds is demonstrated by current bedding in 
the psammitic rocks on either side of the pelitic 
belt; these sedimentary structures indicate that the 


Sgurr 
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Mhu illin 


Sgurr na 
Fearstaig 


Achnasheen 


Scardroy 


Glen Orrin 


Fig. 3 — Possible reconstruction of cross folds near the lines of the Strathcarron fault as they might have 


appeared before the faulting. 


Folds named as on Figure 1. Note the varying attitude of neighbouring folds. 


The beds young towards the 


bottom right hand corner of the figure. Note how older beds appear in the cores of the Glen Orrin and Monar 


folds which are thus synforms and not synclines. 


top of the pelite faces towards the east. Reading 
from north to south the folds are as follows: (see 
Fig. 3) 

The Sgurr a Mhuillin syncline 

The Scardroy anticline 

The Beannacharan syncline 

The Glen Orrin synform 

The Sgurr na Fearstaig reclined fold (i.e. axis 

plunges down dip of axial plane) 
The Monar synform 


The beds in the three most northerly folds 
are in their correct stratigraphical sequence, the 
oldest rocks being in the core of the anticline and 
the youngest rocks in the cores of the synclines. 
. But in the Glen Orrin synform the south-westerly 
plunge has brought older rocks to the core of a 
synform and the structure is therefore a 'faux 
synclinal’ or synform in Bailey’s terminology. The 
next fold to the south is a reclined fold closing 
sideways, that is to say it is neither an antiform 
or a synform (Fleuty 1956). The most southerly 
fold is again a synform with an apparent inversion 
of the true stratigraphic order at the hinge-line. 
Fleuty has suggested that it is very likely that the 
attitude of some of the cross-fold axes has changed 
radically since they were first formed and has 
given evidence for this in his discussion of the 


Orrin and Sgurr na Fearstaig folds. One result of 
the intense cross-folding is the production of 
extensive inversions such as those of the Monar 
and Glen Orrin region. Another consequence is 
the formation of slides. The most thoroughly 
investigated of these is a slide east of the Sgurr 
na Fearstaig fold along which Fleuty was able to 
show that up to metres of rock were progressively 
cut out (Fleuty 1956). A slide has also been 
reported N.W. of the Sgurr Mhuillinn fold by 
Sutton and Watson (1953) but no estimate of 
the amount of rock cut out has yet been made. 

It is believed that these cross-folds began to 
form at the same time as the main folds of the 
same (the second) generation, but it appears that 
they continued to grow tighter after the time 
when the axial plane schistosity associated with 
the main folds had developed. This is suggested 
by the fact that the cleavage associated with one 
of the main folds is itself folded in the regions west 
of Scardroy. The trend lines of folded cleavage 
are shown in Fig. 4, taken from an unpublished 
map of Sutton & Watson. The way in which the 
tight cross-folds described above were evolved is 
certainly not completely understood at the present 
time. One approach to this diffecult qustion is to 
make comparisons with less intensely deformed 


“ folds of the same generation. It is possible in 


Fig. 4 — Trend of cleavage formed with second fold 
system. N.W. of fault after Sutton and Watson. S.E. of 
fault edge Ramsay, Fleuty and P. Clifford. 

Lower edge of pelite indicated by dotted ornament. 


Ross-shire, for example, to compare the attitudes 
of these tightly folded cross-folds with those of 
the open oblique structures of the same generation 
found further north towards Fannich. Figure 5 
shows a plot of axial planes of open structures 
from Fannich, rather tighter folds from central 
Ross-shire and the six folds under discussion from 
southern Ross-shire and Inverness. It will be seen 
that the poles to the axial planes of the 
longitudinal folds lie near a great circle and that 
the poles to the oblique folds fall roughly on a 
small circle. 


b Cross-folds superimposed on 
longitudinal folds 


The Loch Duich-Loch Hourn region 


Some 60 kilometres to the south-west of Glen 
Orrin all the three sets of folds known to affect 
the rocks of central Ross-shire and Inverness have 
been identified by Ramsay in the ground between 
Loch Hourn and Loch Duich. This region was 
first mapped by Clough, who showed that strips 
of Lewisian and Moinian alternated with one 
another as a result of the Caledonian movements 
(Fig. 2). Further accounts of the area have been 
given by Kennedy (1955), Ramsay (1958b), and 
Sutton and Watson (1959) to whom the reader 
is referred to for details. In this section I shall 
refer to the relations of folds of the first and 
second sets. The effects of the third set will be 
mentioned later. Ramsay has recently been able 
to identify the actual hinges of the earliest set of 
folds whose geometry has been hitherto rather 


conjectural. Over much of the ground, however, 
all that one can see is the alternations of Moine 
and Lewisian rock produced by this folding, and 
fold axes cannot be detected. It is clear, never- 
theless, that the first set of folds was formed along 
axial planes that dipped in an easterly direction 
and that the fold limbs were nearly parallel. The 
easterly-dipping alternations of Moine and 
Lewisian were folded once more during the second 
period of movement when three major cross-folds 
developed. From south to north these are the 
Beinn a Chapuill antiform, the Glen Beag synform 
and the Letterfearn antiform, (Fig. 2). It seems 
probable that a further synform may be present 
below Loch Duich. These folds have in turn been 
folded during a third set of movements; the 
resulting structural arrangement is shown in 
figure 2. It will be seen that the three folds 
formed in the second period of folding can be 
regarded as disharmonic cross-folds which affect 
the more easterly part of the area much more 
strongly than the west. Thus the Beinn a Chapuill 
and Glen Beag folds approach one another and 
die out northward. In similar fashion the 
Letterfearn fold appears to die out north-westward 
and its affects have not been detected north of 
Loch Duich. These structures are plainly dishar- 
monic; a comparison of the shape of the strongly 
folded contact between the mass of Moine rock 
in the east of the ground and the adjoining 
Lewisian on the one hand the westernmost 
contact of Moine and Lewisian on the other 
brings this out well. 

The cross-folds bring about local inversions of 
the structural succession which had been pro- 
duced by the first set of structures. In general the 
mass of Moinian exposed in the east of area 
shown in figure overlies the Lewisian rocks to the 
west, as T. N. Clifford, for example, found to be 
the case north of Loch Duich. The same Moine 
rocks, however, occupy the cores of the Beinn a 
Chapuill and Letterfearn antiforms where they 
plunge below the Lewisian. It has been argued 
(Sutton & Watson 1958) that, this apparent 
structural inversion results from the fact that the 
axial planes of the cross folds dip less steeply than 
the general dip of the beds so producing the ar- 
rangement shown in figure 2. This is a rather 
special type of cross-folding developed on planes 
which are less steep than the regional dip. 


c Longitudinal folds superimposed on 
cross folds 
Monar 
Over much of the area south of Strath Bran a 
late system of folds formed during the third 
period of movement is developed on axial planes 


striking N.E. and dipping south-east. Such folds 
were first identified by Ramsay at Monar and 
have since been found over a tract extending 
from Central Ross-shire to Loch Nevis. Among 
the structures which have been refolded by these 
third folds are certain of the cross-folds formed 
during the second generation of movements. It 
will be recalled that the Monar synform is a cross- 
fold which has an approximately east-west trend. 
This fold, exposed on the borders of Ross and 
Inverness, was investigated by Ramsay (1958a) 
who has analysed the way in which it was de- 
formed by the third set of structures. In the Monar 
area the folds of the third occur as rather 
numerous structures about a kilometre apart. 
Ramsay showed that the Monar synform was 
twisted by two later folds so that its axis was 
diverted from its normal east-west trend, to run 
northwards and then westwards once more (Fig. 
1). Ramsay also found that the attitude of the 
later fold axes was largely determined by the pre- 
existing orientation of the beds resulting from 
earlier phases of movement, before the third folds 
were formed. Thus the third folds formed on the 
gently-dipping northern limb of the earlier Monar 
synform trend and plunge S.W. while those 
formed on the steep southern limb have an almost 
vertical plunge. In such a situation a rather 
complex arrangement of folds can be produced; 
one may expect cross-folds twisted from their 
original attitude by varying amounts, together 
with the later folds which will vary in plunge and 
in trend. Knill & Knill (1958) have discussed the 
rotation of folds and the formation of discordant 
folds oblique to the regional trend in the S.W. 
‘ Highlands and in Co. Donegal. The variation in 
trend shown by different parts of the late super- 
imposed fold system in the northern Highlands 
can be very large indeed as the next example 
shows. 


2 CROSS-FOLDS AND LONGITUDINAL FOLDS 
WITH PARALLEL AXIAL PLANES AND 
DIVERGENT AXES: 

Loch Hourn 


e The third set of structures in the ground near 

Loch Duich and Loch Hourn have a rather extra- 
ordinary geometrical form. The critical area north 
of Loch Hourn has recently been mapped by 
Ramsay and the ground south of the Loch by 
Spring. In the course of the original mapping 
Clough (in Peach, 1910) showed that the rocks 
near the fault north of the Loch had been twisted 
in the manner shown in figure 2. He attributed 
this twist to the tear fault which crosses the area, 
but Ramsay later showed that the fold existed 
before the fault and was unconnected with it. 
The effect of the twist has been to bend the rocks 
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in a sigmoidal curve about a south-easterly 
trending axis. This structure — the Beinn a 
Chaoinich — Loch Hourn fold (Ramsay 1958b) 
deformed structures belonging to two earlier sets 
of folds. North of Loch Hourn the axial plane 
of the S.E. plunging fold strikes north east, so 
that the fold is a reclined one, with an axis 
plunging directly down the dip of the axial plane, 
Followed south-west along the axial plane, the 
structure changes. The pitch lessens and as the 
axis swings round from a south easterly trend to 
a southerly one, with the result that the western 
part of the sigmoid gradually passes into an 
antiform. South of Loch Hourn, Spring has found 
the fold axis plunges to the south and the fold, 
here known as the Loch Hourn antiform with a 
continuous gentle plunge for several kilometres 
further south. Further north near Glenelg there 
are a number of smaller folds which appear to 
belong to the same set, for they share a common 
tectonic style and are all formed about S.E. 
dipping axial planes. These folds plunge at low 
angles to the N.E. (see Sutton and Watson 1959). 
Thus there is in this area a fold system including 
folds whose axes trend N.E., S.E., and S.W. In 
spite of these variations in axial direction, the 
axial planes dip consistently S.E. These structures 
provide an excellent example of contemporaneous 
oblique and longitudinal folds which formed as 
part of a single set about a common set of axial 
planes. Rast and Platt have described rather 
similar examples of the simultaneous development 
of main and cross-folds about a common axial 
plane system from the central Highlands (1957, 
p. 163). Ramsay has shown that in the Loch 
Hourn region the variation in axial trend is 


& Polatuarıal\ 
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Fig. 5 — Poles to the axial planes of folds formed 
during second set of movements in part of ground 
shown in Figure 1. 


158 


related to the varying attitude of the beds at the 
time when the third fold system was initiated. 
When an individual fold of this system, such as 
the Beinn a Chaoinich — Loch Bourn — fold, 
behaves in part as a cross-fold (north of Loch 
Hourn) and in part as a longitudinal fold (south 
of Loch Hourn) it is clear that a hard and fast 
classification is not feasible and would indeed be 
quite misleading. 


3 OBLIQUE AND LONGITUDINAL FOLDS WITH 
ESSENTIALLY PARALLEL AXES AND 
DIVERGENT AXIAL PLANES 


Beinn Dronaig 

A belt of pelite entirely surrounded by siliceous 
granulite extends for some 35 kms south-south- 
west from the Fannich Mountains to Beinn 
Dronaig (Fig. 1). At Fannich, this pelitic rock 
lies in the core of a syncline and current bedding 
in the underlying siliceous rocks indicates that 
the pelite is stratigraphically younger than these 
siliceous rocks, but at Beinn Dronaig the pelite 
appears to plunge beneath the silicevus rocks. 
If these statements are correct, as I believe they 
are, we are thus faced with an interesting 
structural problem and have to account for an 
arrangement by which the pelite botn overlies 
and underlies its stratigraphically older companion. 

The southern part of this belt was originally 


mapped by Crampton who postulated a double 
system of folding to account for the structures he 


‚found at Beinn Dronaig. Crampton was not aware 


of the evidence as to the true stratigraphical 
succession and he regarded the pelite as older 
than the siliceous rocks and believed it to lie in 
the core of an anticline. In 1952 Rutledge and 
Sutton & Watson independantly concluded that 
the N.E. end of the pelite belt was synclinal in 
shape. McIntyre (1952) had meanwhile confirmed 
that the south-west end was antiformal and that 
the fold axis there plunged to the S.E. These facts 
led MclIntyre to suggest that the mass of pelite 
formed a south-easterly plunging body entirely 
enclosed in siliceous rocks as a gigantic tectonic 
inclusion. The next step was taken by T. N.Clifford 
(1957) who as a result of mapping the ground 
south of Beinn Dronaig, recognised the presence 
of cross-folds in that ground and suggested that 
McIntyre might have mistaken small folds as- 
sociated with a south-easterly-plunging cross-fold. 
for those connected with the main fold affecting 
the length of the pelite. In 1958 Dr. Watson and 
I spent a short time at Beinn Dronaig. Our work 
is not complete but we found evidence which 
indicates that there are on Beinn Dronaig itself 
two fold systems as Crampton proposed, though 
they are not contemporaneous as he suggested. 
We interpret the structure in the following way. 


Siliceous and hornblendic 
Bi Pelitic. 
Siliceous. 


Fig. 6 — Sketch map of the Beinn Dronaig district. The mountain lies 1—2 km S.W. of the Tech or lake. 
Symbols as follows: 1. Bedding, 2. Planar structure formed with second fold system. 3. Linear structure formed 
with second fold system. 4 & 5, planar and linear structures formed with third set of folds. 


(Fig. 6). A fold trace runs south-south-west 
within the pelite belt to Beinn Dronaig. It is 
probably a syncline, but the fold closure has not 
yet been recognised. North of Beinn Dronaig, 
cleavage and the axial planes of folds associated 
with the large structure strike N.E—S.W. and 
dip S.E., and it appears that the axial plane of the 
large fold dips and strikes in the same way. On 
Beinn Dronaig itself, these planar surfaces swing 
round as the map shows, to run south or south- 
south-east while their dip changes to E. or E.N.E. 
South of the mountain their structures may dip 
southwards. The lineations and minor fold axes 
of this system, which can be taken to indicate the 
attitude of the major fold, since it has been 
repeatedliy shown that in this district such a 
relationship holds (Clifford et al. 1957), plunge 
S.S.E. in the ground north of Beinn Dronaig and 
plunge S.E. on Beinn Dronaig itself. These small 
structures are cut by a later set of cleavage planes 
and by the axial planes of small folds, belonging 
to the third of the three sets of folds mentioned 
in this paper. These axial planes and cleavages 
dip into the S.E. quadrant, while the fold axes 
plunge S.E. down the dip of the axial planes. 
The antiformal closure at the southern end of the 
pelite belt is part of a fold belonging to this late 
set and its axis plunges to the south east with the 
late small structures. This late fold refolds the 
eatlier fold. On Beinn Dronaig the axes of both 
structures are virtually coincident in direction. It 
seems quite likely that the carly fold axis has been 
rotated so that it coincides with the later fold; 
this may be an extreme example of the distortion 
‘of pre-existing structures by later folds which 
Ramsay (1960) has recently investigated in other 
parts of the region. 

The structures at Beinn Dronaig are apparently 
produced by the superposition of a late cross-fold 
upon an earlier longitudinal fold. The effect of 
the late cross-fold is to upfold the pelitic belt 
which outcrops all the way from Fannich to 
Beinn Dronaig, so that older siliceous rocks appear 
everywhere immediately south of the hill. T. N. 
- Clifford (1957) has suggested that the pelitic rocks 
which he mapped 8 km to the south on Sguman 
Coinntich may represent the same pelitic belt 
brought back by another cross fold. 


CONCLUSIONS 


In this paper I have drawn together some facts 
about a number of cross-folds and, as I have in- 
dicated in the text, have drawn especially on the 
work of Dr. Watson and Dr. Ramsay. My purpose 
has been, firstly, to bring out the variety of ways 
in which cross-folds have developed within one 
particular region of the Caledonian chain. 
Secondly I have wished to show that there is. no 
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hard and fast division into cross-folds and 
longitudinal folds; and thirdly, I have tried to 
bring out the general nature of the structure in 
this ground. 

The examples which have been catalogued in 
the paper show that the fold structures are both 
variable in direction and of. more than one age. 
In some instances it is plain that the present 
attitude of a fold is not that in which the 
structure was originally formed; the fold has been 
modified by later movement. In other examples 
one can see that the attitude of a late fold 
developing in already folded rocks is largely 
determined by the pre-existing structure, that is 
by the effects of earlier deformation. It is thus 
difficult, if not impossible, to analyse the effects 
of a single fold systeem without knowing 
something about both the earlier and later folds 
of the same region. The difficulty of relating the 
forms of structures to the forces which produced 
them is increased by the fact that in an area such 
as Fannich, even the folds belonging to a single 
system are very variable in orientation. In these 
circumstances, there can hardly be a constant 
relationship between the overall stress field and 
the individual members of the complex fold 
system. 

Despite these difficulties, certain facts are 
clear. Axial planes striking north-east or north- 
north-east and dipping south-east are widely 
developed in all three fold systems. The preva- 
lence of these structures indicates that, as has 
always been supposed, the overall movement in 
this part of the Caledonian chain carried the 
overlying layers westward or north-westward 
relative to the sub-stratum. This is of course also 
the direction of transport on the Moine Thrust, 
and there are therefore reasonable grounds for 
supposing that, on the largest scale, the stress 
field did not alter greatly throughout the whole 
period of Caledonian deformation. A new 
approach to the problem of determining local 
directions of transport has recently been described 
by Ramsay, and arises out of a consideration of 
the geometry of linear structures refolded during 
later movements. In the region of Loch Hourn, 
Ramsay (1960) has found that although the axial 
directions of the third set of folds are, as we have 
seen, very variable, the direction of transport, 
indicated by this method is more constand and is 
predominantly towards the north-west. 


Each of the three fold systems mentioned in 
this paper shows some regional variations, which 
have to be taken into account in considering their 
total effect. It will be recalled that folds of the 
earliest system have been recognised only in the 
western — and structurally lowest — parts of the 
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Moine outcrop. In the more easterly and 
structurally higher areas slides apparently take the 
place of folds. The intensity of folds of the second 
generation increases from north to south in the 
area being considered, so that one passes in this 
direction from open structures to tight ones. The 
intensity of the third structure also increases from 
north to south, but in a rather different fashion. 
In the north-west there appear to be no third 
structures. In central Ross-shire they appear as 
numerous small plications which have little effect 
on the general disposition of the rocks. These 
small folds give way southward to large open 
structures of which the Loch Hourn antiform is 
the most prominant example. These large struc- 
tures are very similar in style, attitude and scale 
to the folds in the Fannich region formed during 
the second episode of folding; the resemblance 
between the two sets of structures shows up very 
clearly the undesirability of classifying the folds 
solely on their direction, as has occasionally been 
done in the past. 

Cross-folds, and structures having some of the 
same properties, are especially well-developed in 
connection with the second and third systems. 
The association of longitudinal folds and cross- 
folds as essential parts of one and the same system 
is best seen in the second generation of structures, 
The contemporaneous cross-folds belunging to 
this system are, for the most part, short structures. 
whose axial planes make a marked angle with 
those of the longitudinal folds. The more open 
cross-folds, such as those of Fannich, are closely 
bound up with variations in the axial plunge of 
the main folds and although the evidence con- 
cerning the geometrical relations of the tighter 
folds of central Ross-shire is less clear, there are 
indications that these structures are also connected 
with culminations and depressions in folds of the 
main system. To appreciate their full significance 
it would be necessary to know why the 
longitudinal folds developed such inconstant 
forms. It is an interesting point that in the region 
between Loch Duich and Fannich the axial planes 
of all cross-folds of this type appear to dip in 
some southerly direction (See fig. 5). This may 
possibly be connected with the fact that the 
structures lie on the southern side of a regional 
culmination in the district east of Assynt, some 
kilometres north of Fannich. 

Contemporaneous cross-folds of a totally 
different kind are associated with the third 
system. These structures, of which the Loch Hourn 
antiform and its continuation are examples, are 
produced as a result of the superposition of new 
axial planes (of constant orientation) upon rocks 
which already had a complex structure, The 


intersection of the axial planes with the diversely 
oriented bedding planes automatically produced 
fold axes running in a variety of directions. Some 
at least of the contemporaneous oblique folds of 
this system are produced because the rocks affected 
by them had been subjected to previous periods 
of folding; it seems that one consequence of 
repeated folding in a mountain chain is that the 
later systems are likely to have complex geo- 
metrical forms. 


During the third phase of folding, the axial 
planes, as I have mentioned, retain a fairly 
regular north-easterly strike and south-easterly 
dip. The oblique structures of this system are 
folds with a considerable pitch measured within 
the axial plane; their axes plunge south-eastward 
down the dip of the axial planes. The longitudinal 
folds, on the other hand, have a low pitch and 
the fold axes therefore trend in a direction not far 
from the strike of the axial planes. In an area 
where the axial planes were nearly vertical these 
variations in pitch would make little difference 
to the trend and no-one would call the structures 
cross-folds. Where the axial planes are gently- 
inclined, however, an arcuate fold system is 
produced, and the variations in pitch produce 
continuous variations in the trend of the fold axes. 
In a fold system of this type it is obvious that no 
hard and fast division into cross-folds and 
longitudinal folds is possible, and the same may 
well be true of other regions where repeated 
deformation has resulted in the superposition of 
one fold system upon another. 


A further consequence of repeated folding is 
the twisting of earlier structures by later folds 
which again results in the production of folds 
running oblique to the regional trend; examples 
of such structures have been analysed by Ramsay 
in the Monar district and to the north of Loch 
Hourn. Folds deformed in this way may also show 
gradual changes of trend. Yet another illustration 
of continuously varying trends is seen in the 
Fannich area where neighbouring major folds of 
the same second generation run in different 
directions; here, the small-scale structures 
occupying the intervening ground swing round 
gradually from one direction to the other. With 
instances such as these in mind, I doubt the value 
of using such terms as ”Caledonoid” to denote 
folds with a north-easterly trend as distinguished 
from folds running in some other direction. 


I take it no-one would dispute that the sig- 
nificance of cross-folds formed as a result of the 
superposition of one fold system on another must 
be different from that of contemporaneous cross- 
folds such as those of the Fannich region. Among 
structures dependant for their formation on the 
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Fig. 7 — Highly schematic diagrams showing four types of cross folds recognised here. C indicates axis of cross 


fold: P indicates axis of longitudinal fold. 


1. Cross and longitudinal fold contemporaneous, and with different axial planes. 2. As in 1 but common axial 
planes showing cross and longitudinal folds. 3. Cross-folds superimposed on longitudinal. 4. Cross-fold formed 
by distortion of part of an earlier longitudinal fold during later movements. 


occurrence of repeated folding we can make a 

further distinction between contemporaneous 

cross-folds formed in association with longitudinal 

folds in a late system, and cross-folds which are 

earlier or later than the longitudinal folds. We 

are thus left with structures of four kinds, whose 

geometrical properties are shown diagrammatically 

in Figure 7: 

1. Contemporaneous , cross-folds whose axial 

“  planes differ from those of the main folds. 

2. Contemporaneous cross-folds sharing the 
axial planes of the main system. 

3. Superimposed cross-folds later than adjacent 
main folds. 

4. Cross-folds brought to their present position 
by distortion during later folding. 
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SYMPOSIUM ON CROSS-FOLDING 


RELATIONS BETWEEN FOLDING AND METAMORPHISM IN THE 
CENTRAL PYRENEES, AND THEIR CHRONOLOGICAL SUCCESSION 


H. J. ZWARTI! 


ABSTRACT 


The structural and metamorphic history of the 
Hereynian orogenic belt of the Pyrenees can be devided 
in four phases: prekinematic, early synkinematic, late 
synkinematic and postkinematic. The early synkinematic 
phase can be divided in two stages. The first stage is a 
strong deformation with E-W folds producing large and 
small structures. Formation of cleavage in low grade, 
and of schistosity in high grade rocks is attributed to 
this phase. Contemporaneous metamorphism is charac- 
terized by strongly oriented mineral growth. During 
the second stage, which has been found only in mica- 
schists, folding took place about N-S axes. Its result, 
rotation of minerals is widespread. Folds are small and 
isoclinal. 

The next deformation is a cross folding producing 
small folds witch axial planes in NW-SE and NE-SW 
direction, and has been found in slates, phyllites and 
mica-schists, where it is rather regular. Accompanying 
metamorphism is weakly oriented or unoriented. In 
gneisses and migmatites the late kinematic cross folding 
is accompanied by granitization and plastic deformation. 

Various criteria for the microscopic determination 


"of time relations between deformation and crystallization 


are discussed. Besides porphyroblastesis during any of 
the phases, crystals of staurolite, andalusite and 
cordierite were produced between the different de- 
formations. 


1 Geological Institute, University of Leiden, Nether- 
lands. 


1 Prekinematic: 


; 5 ial pl 

2 Early synkinematic: 708 tens 
3 Late synkinematic: axial plane 
not [| sı- 
plane 


4 Postkinematic: 


I INTRODUCTION 


The Hercynian belt of the Pyrenees consists of 
a series of strongly folded sedimentary rocks 
ranging in age from Cambro-Ordovician to Car- 
boniferous, often intruded by biotite-granodio- 
rites, and grading downward into metamorphic 
rocks as mica-schists, gneisses and migmatites. In 
the sedimentary cover as well as in the deeper 
seated metamorphic rocks a certain structural 
evolution has taken place which resulted in vari- 
ous distinet types of folds, and which was ac- 
companied by different kinds of metamorphism 
in the infra-structure. 

The whole metamorphic and structural evo- 
lution can be divided in four phases of which the 
results can often be observed in both the supra- 
structure and the infra-structure. These phases are 
referred to as prekinematic, early synkinematic, 
late synkinematic and postkinematic. Both syn- 
kinematic phases can be subdivided into two 
stages, which have been identified over large parts 
of the Central Pyrenees. Locally traces of one or 
even more extra deformations have been found, 
especially in the slates, but present knowledge 
does not show that they have a regional distri- 
bution. The main characteristics of the various 
deformations are shown in the following table: 


no or only concentric folding 

a) folding about E-W axes, E-W lineations ? main 
formation of cleavage and schistosity Jfolding 

b) folding about N-S axes; E-W lineations 
(testricted to mica-schists) 

a) cross folding, axial plane NW-SE (andNE-SW) 
lineation is sı X Sa 

b) folding about E-W axes; mainly outside 
regional metamorphic areas 

last phase of regional metamorphism 

intrusion biotite-granodiorites 

blockfaulting 
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The term kinematic is used in the sense that the 
movements deforming the rocks are penetrative 
and reorganize the fabric to a large extent. More- 
over such movements have acted upon large 
volumes of rock and are not restricted to local 
fault-zones. Therefore the intrusion of the 
granodiorites and the blockfaulting, which have 
not influenced most of the existing rocks, are 
considered to be postkinematic, although these 
features are by no means posttectonic. Thus 
tectonic is used in a wider sense than kinematic 
(cf. Misch 1949). 

It is my intention to demonstrate that the 
regional metamorphism started prekinematically 
and continued through both synkinematic phases 
to postkinematic time. 


Ve 


HR 
Silurian 


AO 


biotite-granodiorite 
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metamorphism have been preserved as porphy- 
roblasts of andalusite, staurolite and cordierite 
with randomly distributed inclusions, for a de- 
scription of which I refer to p. 175 where the 
relations between porphyroblasts and external 
schistosity are explained. 

Whether this metamorphism was accompanied 
by folding could not be demonstrated, but in this 
connection it may be mentioned that in the north- 
ern and southern border zones of the axial zone 
pre-cleavage concentric folding in the Devonian 
has been observed. Although such early folds have 
not been found in the centre of the axial zone, 
it is not excluded that they may be present and 
that they are possibly related to a prekinematic 
metamorphism. 


Hospitale£ massif 


= SV MM 


„serie de Canaveilles” 


mica schiste 


EL Synchine 


5) Cambro- ie 7 
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Vlh Cleavage or schistosity er 4 ee 2 3 ri REINE ER. N Carb, 
Fig. 2 — Sections through Cambro-Ordovician anticlinorium and Hospitalet-Aston massif, showing attitude of 


cleavage and schistosity. 


II PREKINEMATIC METAMORPHISM 


Although the presence of a prekinematic phase 
of metamorphism is difficult to prove due to the 
fact that all rocks have obtained a cleavage or 
schistosity, obliterating earlier structures, it is 
thought that in the mica-schists of the Hospitalet 
massif in NW Andorra relics of such prekinematic 


Fig. 3 — Cleavage fold in Devonian limestone, Andor- 
ra; transverse cleavage. 


III EARLY SYNKINEMATIC FOLDING AND 
METAMORPHISM 


a) First stage, main folding 


Slates and phyllites 


Except for part of the Devonian and Carboni- 
ferous of the northern and southern border of the 
Pyrenees, all Paleozoic sediments have been 
deformed by cleavage folding. The size and the 
shape of the folds is quite variable, but they have 
one feature in common, the occurrence of an axial 
plane cleavage. The attitude of the cleavage is 
nearly vertical in the central and northern part of 
the Pyrenees, but southward it dips to the north 
with a gradually decreasing angle (see map fig. 1 
and sections fig 2). In diagram fig. 5 A, 800 poles 
to cleavage planes have been plotted. Most s-planes 
are steep and dip towards the north with an E-W 
strike. It should be mentioned that south of the 
Llavorsi syncline the dip of the cleavage has in 
general lower values varying between 20 and 
50° N. 

The largest single fold is undoubtedly the 
Llavorsi syncline (Zandvliet 1960) which is at 
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least 34000 m deep. Its shape is almost isoclinal 
and on the map it locks like a simple structure. 
Closer inspection reveals that the Devonian limbs 
show several folds of smaller size, usually strongly 
compressed and with the same axial plane 
cleavage. The size of these folds may be as large 
as several hundred metres, but smaller folds of a 
few metres size are not uncommon (fig. 3). The 
Cambro-Ordovician north and south of the Lla- 
vorsi syncline is also strongly folded, although the 
size of most of the folds which can be observed 
is rather small. This is in part due to te lack of 
variation in the sediments which means that folds 
larger than an exposure cannot be detected. 
When, however, thick quartzite beds occur in the 
slates, they can often be followed over a distance 
of several hundreds of metres on the valley slopes, 
suggesting folds of at least this size. Also the 
continuous outcrop of the „Canaveilles” series 
from Andorra to Lladorre is equally suggestive of 
the presence of fairly large folds in the Cambro- 
Ordovician. The common angular relationship 
between cleavage and bedding indicates that most 
of the folds are not isoclinal, and that the slaty 
cleavage is a transverse cleavage. However in 
exceptionally well bedded sediments such as the 
”schistes rubanes”, alternations of slate and 


quartzite bands with thicknesses of less than 1 
cm, the cleavage is often parallel to the bedding 
or nearly so, except in the hinges of the isoclinal 
folds (parallel cleavage) fig. 4. One of the charac- 
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Fig. 4 — Isoclinal cleavage fold in Devonian limestone 
and slate, Andorra; parallel cleavage. Drawing after 
photograph. 


teristic features of the slaty cleavage folding is 
that the quartzite layers are often cut by the 
cleavage, although the number of cleavage planes 
is usually small. An important phenomenon of 
the cleavage is its paracrystalline character, and 
in fact, what we see as cleavage is nothing more 
than a parallel arrangement of small newly-grown 
flakes of sericite and chlorite. In pure slates no 
individual cleavage planes can be recognized; as 
Schroeder (1958) expressed it ’ dass die 
Teilbarkeit nach sı bis in den Kornfeinbau 


reicht.”, or in other words the microlithons are 
infinitely small. The fact that the axial planes of 
the folds are parallel to the cleavage formed by 
the sericite flakes indicates that folding and 
recrystallization are contemporaneous, although 
it is not excluded that some concentric folding 
has preceded the formation of cleavage. 


Recrystallization also takes place in more 
quartzitic beds, but there separate cleavage planes 
may be observed around the quartz grains. 
Lineations due to the intersection of cleavage and 
bedding are commonly observed in transverse 
cleavage. They give the best way of determining 
the direction of fold axes. A great number of 
fold axes have been measured in this way (Zand- 
vliet, 1960, Lapre 1959, Verspyck 1959), of 
which 500 are plotted in the diagram of fig. 5. 
It appears that the fold axes have an E-W direction 
and in general are horizontal or have only a small 
plunge. 

A third feature of the cleavage folding is the 
formation of parasitic folds of competent rocks, 
due to flattening of the slates in a direction 
perpendicular to the cleavage (de Sitter 1958). 

It should be emphasized that this kind of 
folding and low-grade recrystallization is inde- 
pendent of any higher grade metamorphism. The 
recrystallization is solely brought about by the 
cleavage folding and the accompanying strong 
compression and therefore it is a typical dynamo- 
metamorphism. 


Since many of the cleavage folds are sym- 
metrical (fig. 3) and have two planes of symmetry, 
the symmetry of the fabric is orthorhombic. Ac- 
cording to Sander (1948—'50) the strain ellipsoid 
and the stress-field cannot have a lower symmetrty. 
The strain ellipsoid has its longest axis in the 
direction of the a-axis parallel to the cleavage 
which is the direction of yielding, and its shortest 
axis which is also the direction of the largest 
stress, in the c-axis perpendicular to the cleavage. - 
As already concluded from the presence of para- 
sitic folds the development of cleavage is mainly 
a flattening (Plättungs-s according to Sander) 
accompanied by recrystallization without shearing 
movements along the s-planes. 

Mica-schists 

Approaching regions with higher grade meta- 
morphism, as the Aston-Hospitalet gneiss an- 
ticline, the Bosost dome or the North Pyrenean 
gneiss massifs, the slates become coarser grained, 
without however changing their mineralogical 
composition and they become phyllites. The 
phyllites in their turn change gradually into 
biotite-schists composed of biotite, muscovite, 
chlorite, quartz and often some sodic plagioclase. 
The grain-size of the biotite-schists is somewhat 


Fig. 5 — Equal area nets, lower hemisphere: A. 800 poles to s-planes of slates and phyllites; contours 
1-2-4-6-8-11% B. 500 fold axes, ss x sı; slates and phyllites; contouts Ya-1-2-3-5-7-9% C. 800 poles to s-planes 
mica-schists and gneisses; contours 1-2-4-6-8-11% D.250 lineations in mica-schists and gneisses; contours 
1-2-3-5-7-9-13% E. Combination of A and C; 1600 poles to s-planes slates, phyllites, mica-schists gneisses; contours 
1-2-4-6%. F. 750 lineations and fold axes of cross folding in slates, phyllites and mica-schists; contours 
1A-1-2-3-4-5%. 


FE 


168 


coarser than of the phyllites. The boundary epi- 
mesozone is drawn where biotite appears for the 
first time, and it coincides with the junction 
between the chlorite and biotite zones. Near this 
boundary three important structural changes take 
place: (1) the folds of bedding are commonly 
isoclinal; that means angular relationships 
between cleavage or schistosity and bedding 
become rare, (2) micas obtain besides a flattened 
also an elongated shape in the direction of the 
B-axis (fig. 6), (3) the steep attitude of the 
cleavage changes into a subhorizontal schistosity; 
with it the folds and their axial planes change 
also and become flat. 

In fig. 5c 800 poles to s-planes of mica-schists 
and gneisses have been assembled. The subhori- 
zontal schistosity is clearly expressed in this dia- 
gram. 

The fact that the shape of the folds and the 
dip of the cleavage or schistosity changes close to 
and within metamorphic areas, clearly indicates 
that folding, formation of schistosity and re- 
erystallization in mica-schists are related features 
and must be synchronous. 


_L lineation 


pressure equivalent. 

The structure of the andalusite-schists is similar 
to that of the biotite-schists, the bedding is iso- 
clinally folded and the micas occur as lath-shaped 
erystals. The perfect form and lattice orientation 
of andalusite and cordierite which. lie with their 
c-axes parallel to the elongated mica-flakes and 
to the tectonic B-axis are the distinctive features. 
Staurolite is found as stout prisms, often with 
penetration twins and does not usually show 
preferred orientation. 

In sections parallel and perpendicular to the 
lineation the crystals usually show the marked 
difference in length (fig. 6). The micas show 
signs of deformation and are not folded. Cross 
cutting micas are absent. The strong preferred 
orientation and the elongated micas are, however, 
indicative of crystallization in a directional stress 
field. 

The occurrence of staurolite and andalusite 
with rotated trails of inclusions, proves that slip 
along the schistosity has occurred in the mica- 
schists. The axis of the rotation is the B-axis and 
coincides with the lineations. Both, rotation of 


// Nineation 


Fig. 6 — Thin sections _| and /[ to lineation of mica-schist; Bosost dome, Valle de Arän. 


The gradual change of cleavage into schistosity 
and the parallelism of fold axes and lineations in 
slates and mica-schists testifies to the same age 
for the development of cleavage and schistosity 
in the supra-structure and infra-structure, re- 
spectively. Hence mica-schists are not recrystal- 
lized slates. Once we have established this funda- 
mental fact we can continue to higher grade rocks. 
The muscovite-biotite-schists change gradually 
into andalusite-staurolite-cordierite-schists (re- 
ferred to as andalusite-schists; the zone is the 
andalusite zone). All three aluminium-silicates 
appear approximately at the same level. The 
andalusite zone can probably be correlated with 
Barrow’s kyanite zone, but may represent a low 


crystals and the shape of the folds, indicate that 
the symmetry of the rocks is no longer 
orthorhombic as in the slates, but monoclinic, 
symmetrical about the ac-plane. This leads to the 
conclusion that the strain ellipsoid in mica- 
schists has a different shape and position com- 
pared with the slates. A sphere is not deformed 
to an ellipsoid by flattening, but by shearing, 
combined with flattening. In this case the 
flattening is not due to tectonic stress, but to the 
weight of the overlying rocks which only results 
in flattening when differential movements take 
place as a results of stress. Thus cleavage and 
flattening in slates, and schistosity and flattening 
in mica-schists are different features which are 


the result of different deformations, although the 
rocks may grade into each other, and cleavage 
and schistosity developed simultaneously. 


Gneisses 

In most regional metamorphic areas of the 
Pyrenees the mica-schists are underlain by 
gneisses of different type. Part of these gneisses 
have formed at the same time as slates, phyllites 
and mica-schists. In the axial zone large gneiss 
anticlines, such as the Aston-Hospitalet and 
Canignou massif contain a type of augen-gneiss 
which has a sharp contact with the overlying 
mica-schists. The situation is especially clear in 
the Hospitalet massif, where later recrystallization 
has played a minor role. This massif is a gentle 
broad anticline in which the lowest rocks seen 
consist of a leucocratic augen-gneiss overlain by 
andalusite-schists. Some conformable blocks of 
mica-schist occur in the gneiss close to its borders. 
The gneiss is a strongly linear biotite-(muscovite)- 
feldspar-quartz type with a lineation caused by 
the elongated form of micas and feldspars, and a 
schistosity determined by the orientation of the 
flat crystals. The schistosity of the augen-gneisses 
is plane in outcrops and is parallel to the 
schistosity in mica-schists. The contact between 
both rocks is also parallel to the schistosity. In fig. 
5D 250 measurements of lineations in mica- 
schists and gneisses have been assembled. The 
strong maximum in E-W direction is evident and 
can be compared with that of the fold axes in 
slates and phyllites (fig. 5B), which shows the 
same distribution, and thus confirms the con- 
temporaneity of folding and metamorphism in 
slates, mica-schists and gneisses. The difference 
between gneisses and mica-schists is, that no folds 
have been observed in the gneisses. The rocks are 
generally very homogeneous and contain only few 
inclusions of fine-grained 'quartzitic gneisses or 
schists, Iying in the schistosity. According to 
Guitard (1959) the gneiss - mica-schist boundary 
is a stratigraphic horizon between two originally 
different sediments. In the Hospitalet massif, 
however, the boundary between the mica-schists 
‘ and gneisses, and also the andalusite- and biotite- 
isograds plunge gently to the west, whereas a 
distinct limestone bed, associated with black 
schists (Serie de Canaveilles) which lies immedi- 
ately above the gneisses north of Soldeu, can be 
followed westwards, passing gradually into lower 
grade rocks. This horizon continues <o Lladorre, 
where it disappears due to axial plunge of the 
Hospitalet anticline. Therefore it seems likely 
that, at least in the Hospitalet massif, the 
boundary mica-schist - gneiss is oblique to the 
stratification. 

In the Aston massif similar gneisses are ex- 
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posed, but these show the effect of continued 
metamorphism and folding in contrast to the 
Hospitalet gneisses. The Aston gneisses are under- 
lain by migmatites, which are feldspathized mica- 
schists. Consequently the augen-gneisses form a 
big sheet of several thousand metres thick. A 
similar situation is found in the Canigou massif 
where the same kind of augen-gneiss alternates 
with thick sheets of andalusite-schists. This 
situation indicates that the gneisses belong to the 
same metamorphic zone as the andalusite-schists 
and are not higher grade. No suitable index 
minerals occur in the augen-gneisses of the axial 
zone. The homogeneity of these rocks renders an 
evaluation of their original pre-metamorphic 
nature very difficult; they may have been sedi- 
ments, metasomatically or isochemically changed 
into gneiss, or pre- or syntectonic granites. The 
last two possibilities seem, however, less probable. 


In the North-Pyrenean gneiss massifs the re- 
lations between augen-gneisses and mica-schists 
are different and in some respects much clearer. 
There mica-schists change downward into garnet- 
augen-gneisses which due to their intercalation 
with marbles, calc-silicates and quartzites, can be 
recognized as ancient sediments. The structural 
features are in many respects similar to those of 
the gneisses of the axial zone, but the lineations 
are N-S instead of E-W. In these garnet-gneisses 
schistosity and bedding are always parallel and, 
except in one exposure where sharp isoclinal 
folds were seen, no fold hinges of original bedding 
could be found, although outcrops were examined 
over considerable distances. This suggests that the 
same isoclinal folds occur in the gneisses as in 
the mica-schists, although the limbs seem to have 
been stretched more strongly in the former. The 
gneisses of the North Pyrenean massifs are higher 
grade than the andalusite-schists which are not 
found as inclusions in the gneisses. 


Summarizing it can be stated that during the 
first stage of the Hercynian folding large and 
small structures have been made in the low-grade 
dynamo-metamorphic sediments, as for example 
the Llavorsi syncline, as well as in the meta- 
morphic infra-structure of which the Hospitalet 
and Aston massifs are good examples. T’he shape 
of both structures is, however, totally different. 


The deep, almost isoclinal, Llavorsi syncline is in 
sharp contrast to the gentle gneiss structures. Fold 
axes and lineations, however, remain parallel from 
slates to augen-gneisses. In the low, as well as in 
the high grade rocks of the Hercynian belt folding 
and metamorphism proceeded simultaneously and 
are accompanied by the formation of cleavage 
and schistosity. 


Ne 
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b) Second stage, N-S folding in mica-schists 

A second folding phase seems to be restricted 
to mica-schists only, and thus far it has been 
found neither in slates, nor in gneisses. Folds be- 
longing to this deformation have only rarely been 
observed in the field, due to the fact that they are 
isoclinal and of small dimensions. They have only 
been seen in schists with a pronounced com- 
positional banding. Moreover the absence of a 
new direction of lineation which can be ascribed 
to this deformation makes it difficult to investi- 
gate in the field. Besides folds which have been 
observed in the Aston-Hospitalet massif (J. F. 
Lapre, personal communication) and in the Bosost 
dome, pegmatite boudins with N-S axes occur in 
the last named area, and they probably belong to 
this deformation. Another effect, however, has 
been observed in many thin sections, where it has 
left distinct traces in the fabric of the rocks, 
mainly by rotation of minerals around N-S axes, 
perpendicular to the B-lineation. These features 
will be more fully described on p. 177. Super 
dosition of this deformation on the first one 
converts the symmetry of the mica-schists to a 
ticlinic type. 

The cause of this folding is probably stretching 
ın E-W direction due to flattening in the horizon- 
tal s-plane. Since stretching could not take place 
neither vertically in slates due to the horizontal 
position of the schistosity, nor in N-S direction, 
due to the N-S directed stress field, the only 
possibility is E-W, resulting in N-S folding. 


IV LATE SYNKINEMATIC FOLDING AND 
METAMORPHISM 
Slates and phyllites 
In slates and phyllites of Ordovician, Silurian 


Fig. 7 — A. Phyllite with folded sı and fracture cleavage, sy due to cross folding. 


and Devonian age, and also in mica-schists and 
gneisses the original plane cleavage or schistosity 
is commonly folded. The dimensions of the folds 
are never very large; a wave length of a few dın. 
is quite common, folds of a size of some metres 
are rare. Most frequently, however, microfolds 
are of a size from less than one up to a few mm, 
resulting in crumpled slates (Runzelschiefer). 
These microfolds occur also in slates which show 
larger folds, and then the axes of micro- and 
macrofolds are parallel. Under the microscope it 
appears that a second cleavage lies parallel to the 
axial planes of the microfolds. Such second 
cleavage (s3) has been called fracture, strain-slip 
or false cleavage in English literature and Schub- 
klüftung in German literature. Here we will refer 
to it as fracture cleavage (fig. 7A). The microfolds 
and the intersection of fracture with slaty 
cleavage produce a distinct lineation, best visible 
on the slaty cleavage plane along which the rock 
usually splits. It should be emphasized that ' 
fracture cleavage and microfolding are inde- 
pendent of the presence of any more competent 
layer and should not be confused with parasitic 
folding which also can produce small structures. 
The latter are, however, contemporaneous with 
and dependent on the first slaty cleavage. Micro- 
folding of the cleavage is a phenomenon which 
has occurred later than the formation of slaty 
cleavage. Moreover parasitic folds are parallel to 
the fold axis of the first folding and to the inter- 
section of cleavage and bedding. Microfolds and 
related fracture cleavage may have any angular 
relationship with the original fold axis. This is 
obviously the case in the Pyrenees, where the 
axes of the folds of cleavage are not E-W, but 
NW -SE or NE-SW. 

Similar kinds of folds of schistosity are 


B. Banded quartzitic phyllite with parallel cleavage sı dating from main folding; refolding of bedding and 
folding of sı with accompanying fracture cleavage are due to cross folding. 


widespread in micra-schists of the biotite and 
andalusite zones. These folds also do not exceed 
a few metres in size and usually are of the con- 
centric type. Accompanying fracture cleavage is 
less common than in slates and phyllites (plate 
IV e). 

750 measurements of fold axes and lineations 
of the kind described in slates, phyllites and 
mica-schists have been assembled in a diagram 
(fig. 5D). It will immediately be clear that the 
direction of folds of cleavage and schistosity does 
not coincide with the first main folding (compare 
with fig. 5 B, D). Closer inspection of the diagram 
reveals that a girdle with rather strong maxima 
occurs in NW-SE direction and another girdle 
with submaxima in NE-SW direction. Both 
girdles are incomplete. It is evident that in each 
girdle the fold axes are distributed in a plane, 
which for the strong maximum has a NW-SE 
strike and a dip of = 60° to the SW. The other 
plane strikes NE-SW and dips + 60° to the 
SE. These two planes are the axial planes of cross 
fold systems and when measured in the field these 
planes indeed have this attitude. 


It will be clear that the position of this plane 
is independent of the attitude of the first cleavage 
or schistosity, but the plunge of a fold axis, which 
is the intersection of first and second cleavage 
depends upon the dip of the first cleavage or 
schistosity, which may be steep or flat. 'The 
incompleteness of both girdles can now easily be 
explained, if we compare this diagram with 
diagram 5E and with the sections fig. 2. It is 
evident that s-planes varying in dip from horizon- 
tal over north-dipping position to vertical are 
very common, but south-dipping s-planes of 
30—60° are comparatively rare. Consequently 
the intersections of such planes with the plane of 
cross-folding have only been observed in very 
few cases. 


The symmetrical relationship of the first main 
folding and both cross foldings is remarkable, 
although the NW -SE one is predominant. This 
predominance has been observed in the field, and 
special attention has been paid to those rocks 
where both cross foldings occur together, in order 
to establish the age relations between them. 
Unfortunately it is only in rare occasions that 
they occur together. In the mica-schists of Soldeu 
in N. Andorra, however, such cases have been 
seen. Usually mica-schist layers in which either 
of the two is present, seem to alternate there, but 
in some outcrops both cross foldings have been 
found together. The subhorizontal mica-schists 
show a strong E-W lineation due to elongated 
mica-flakes and oriented andalusite and cordierite; 
two sets of microfolds occur, one in NW -SE 


171 
and the other in SE-NW direction, both of the 
same shape and size, and giving a regular inter- 
ference picture Moreover andalusite and 
cordierite lie with their longest axes oriented in 
both cross foldaxes (fig. 8). This strongly suggest 
the following history: folding of original bedding, 
formation of schistosity and lineation with 
flattened and elongated micas, and growth of 
andalusite and cordierite with their long axes 
parallel to the E-W lineation, all belonging to 
the first stage; then crossfolding in NW -SE and 
NE-SW direction probably simultaneous, ac- 
companied with new andalusite and cordierite 
oriented in the fold axes of both systems. "Very 
little metamorphism has occurred after this phase 
and andalusite or cordierite with random orien- 


tation is rare. 


Fig. 8 — Andalusite-cordierite-mica-schist from Soldeu, 
Hospitalet massief, Andorra; oriented andalusite and 
cordierite in E-W direction is oldest lineation and is 
parallel to elongated micas; lines under 45° to NW 
and NE are microfolds of both cross foldings, associated 
with new andalusite and cordierite in both directions. 


On the other hand it has been observed that 
the axial planes of NE-SW folds have been 
deformed by NW -SE folds, indicating a younger 
age for the latter (Lapre, personal communication). 
This does not necessarily exclude the same age for 
both, since we know that the NW -SE folding is 
stronger and may have acted somewhat longer. 

Assuming that both cross foldings have the 
same age, the direction of the stress field during 
this folding phase will have had the same di- 
rection as that of the first main folding. The 
intensity and the results of main and cross folding 
have been quite different and the precise origin 
of these differences remains unknown. 

Under the microscope the picture of fracture 
cleavage in phyllites and slates is very distinctive 
(see fig. 7 A, B). Although the folding is mainly 
brought about by bending of sericite flakes, it is 
a typical similar folding. When homogeneous 
slates are submitted to microfolding and fracture 
cleavage, larger folds are often absent, but when 
quartzite layers occur in the slates, folds up to a 
size of several dm are rather common. The slates 
between the quartzites show folded sericite flakes 
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and fracture cleavage, whereas the quartzite beds 
are concentrically folded (fig. 8B). 

The bedding is then refolded and in good outcrops 
the main phase folds may also be observed. The 
fracture cleavage planes do not cut through the 
quartzite layers, in contrast to the slaty cleavage, 
which often cuts across the quartzite beds in the 
fold hinges of the primary folds. In general the 
folding of sericite flakes is the first act of the 
second folding and only in a fairly advanced 
stage fracture cleavage is produced, usually in the 
limbs of the small folds (fig. 7 A, B). The amount 
of movement along these planes is very small or 
nil. With regard to the formation of sericite the 
second folding and fracture cleavage is post- 
crystalline, but occasionally chloritoid formed 
during this period (Zwart 1959). The chloritoid 
is randomly oriented with regard to the slaty 
cleavage but it may show slight orientation in 
the fracture cleavage. Helicitic folds included in 
the chloritoid indicate that at least part of the 
folding of the cleavage is older than the mineral, 
but orientation in the fracture cleavage and 
bowing out of it, suggest movement later than 
chloritoid. Both features combined are significant 
for the contemporaneity of weak to unoriented 
mineral growth and folding of cleavage, ac- 
companied by formation of fracture cleavage. 


Summarizing these observations it can be stated 
that in slates and phyllites at least two phases of 
deformation and metamorphism can be detected. 
A first one, with E-W direction, making large 
and small folds, is accompanied by strongly 
oriented sericite growth; a second one mainly 
with NW-SE and subordinate with NE-SW 
direction made small folds of cleavage, is usually 
post- and occasionally paracrystalline, but then 
with unoriented or slighty oriented mineral 
growth. 

Mica-schists 


In mica-schists the cross folding is expressed 
as folds of the schistosity varying in dimension 
from a few m. size down to microfolds of + 1 
mm. Since mica-schists in the Pyrenees have 
often a low angle dip of the schistosity plane 
the direction of crossfolding is easily detectable 
in the field by its NW-SE or NE-SW direction. 

The axial planes of the folds have approximately 
the same attitude as in the phyllites, i.e. a plane 
with NW-SE or NE-SW strike and a dip of 
60—80° to the SW or SE. Sometimes a similar 
fracture cleavage, as in the phyllites is present, 
but a completely new schistosity develops in 
places. The folding of the schistosity is without 
exception accompanied by continuing meta- 
morphism, so that, those areas with strong cross 
folding show strong latekinematic metamorphism 


often obliterating earlier structures, and areas 
with weak cross folding a slight late-kinematic 
metamorphism. The nature of metamorphism 
during the second phase is different from that of 
the early synkinematic phase. The characteristic 
elongated and oriented mineral growth has ceased 
and the new minerals show little or no preferred 
orientation, much alike the chloritoid in the 
phyllites. Oriented mineral growth has been noted 
for biotite, andalusite and cordierite. Biotite may 
be oriented in the axial planes of cross folds, or 
when fracture cleavage occurs, in the $, planes. 
Often the crystals have clearly been rotated in 
such planes. (Plate III, A, B). Orientation of 
andalusite and cordierite in cross folds has been 
mentioned, already from the Soldeu-schists 
(fig. 8). Although these types of preferred ori- 
entation are not very widespread, they are good 
evidence of contemporaneity of cıystallization 
and folding of schistosity, which in all cases 
investigated proved to be the cross folding. 

Although the intensity of the main phase of 
folding is the same almost everywhere, and the 
state of the rocks is only a function of chemical 
composition and grade of metamorphism, this is 
no longer true for the late synkinematic phase. 
Regions with weak and with strong cross folding 
exist. The western part of the Hospitalet and 
Aston massifs, for example show strong cross 
folding accompanied by andalusite zone meta- 
morphism which rose higher into the strati- 
graphic sequence than the early synkinematic 
metamorphism. 


Gneisses and migmatites 

Besides the linear augen-gneisses described 
above, different kinds of gneisses are exposed in 
all metamorphic areas of the Pyrenees. They have 
several properties in common, such as the presence 
of irregular, small or large patches and bands of 
directionless granitoid rocks, and irregular folding 
of the schistosity, properties which are not known 
in the early synkinematic augen-gneisses. These 
different gneisses, most of which are typical 
migmatites, can have been produced at the 
expense of early synkinematic gneisses and in that 
case there is only little change in chemistry, or 
from mica-schists requiring introduction of silica 
and alkalis. Besides granitic rocks, a large amount 
of pegmatites is often found in these rocks. Also 
granite and pegmatite bodies, usualiy of restricted 
size, occur in the mica-schists. The fulds of s- 
planes of these different gneisses are always quite 
irregular; they are usually disharmonic, and the 
shape of a single fold changes rapidly within a 
few dm. Their size can generally be measured in 
dm. When large blocks are inspected from several 
sides, it appears that folds can be seen on every 


surface; hence no parallelism of fold axes is 
present. It is, however, difficult to measure the 
divergence of the fold axes, since it is not possible 
to determine direction and plunge on a two- 
dimensional plane. Fracture cleavage in the axial 
planes of the folds, so common in phyllites, is 
altogether absent. Zones with a certain amount of 
movement, like small faults and sharp fold hinges, 
are commonly replaced by granite, indicating that 
the process of granitization is favoured by these 
movements, probably aided by circulating so- 
lutions. Therefore there is no doubt, that mobili- 
zation and granitization are related. T.ineations, 
very pronounced in early synkinematic augen- 
gneisses like the Hospitalet gneisses, have for a 
large part disappeared in the granitized gneisses, 
due to recrystallization. This is the reason that 
very few lineations have been measured in the 
Aston massif (see map, fig. 1). The picture 
described of late-kinematic gneisses and migma- 
tites, suggest that they have been in a very plastic 
state, in strong contrast to the linear augen- 
gneisses which seem to have been much more 
rigid. The mobilization, as described from many 
other migmatite regions, is in the Pyrenees related 
to the cross folding; both are synchronous, as 
testified by several relations. 

Firstly the general features such as folding of 
s-planes accompanied by unoriented crystallization 
are similar to those of the cross folding of phyllites 
and mica-schists. Secondly fold axes of late- 
kinematic gneisses and migmatites are approxi- 
mately parallel to those of the cross folding 
(fig. 9), although too few measurements could be 

" made, to use this as a decisive argument. Another 


Fig. 9 — Equal area net, lower hemisphere; 53 linea- 
tions and fold axes of granitized gneisses and migma- 
tites; contours 2-4-6-8%. 
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argument in favour of contemporaneity of cross 
folding in phyllites and mica-schists and the 
mobilization of gneisses, is their distribution in 
the field, and in fact this was the first evidence 
found of this relationship. Areas such as the 
Bosost anticline in the Valle de Aräu, and the 
western part of the Aston massif, with strong 
cross folding and accompanying metamorphism, 
always show granitization, which in its turn is 
related to mobilization in gneisses and migma- 
tites. Areas with weak or absent cross folding and 
little late-kinematic metamorphism in mica- 
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Fig. 10 — Pegmatite sills in mica-schist, folded together; 
Barrados valley, Valle de Arän; drawing after photo- 
graph. 


schists are not granitized, and there mica-schists 
and gneisses can be studied in their original early 
synkinematic state. The best example is the area 
around Port de Fontargent in the Hospitalet 
massif. 

More direct conclusions concerning the con- 
temporaneity of cross folding, granitization and 
mobilization can be drawn from granite or 
pegmatite dykes and sills in mica-schists involved 
in the cross folding. Such cases have been ob- 
served in the western part of the Aston massif 
and in the Valle de Arän. By far the most 
impressive example is the Barrados pegmatite in 
the latter area. Here several conformable pegma- 
tite sills are folded together with the enclosing 
mica-schists (fig. 10). The foldaxes have a di- 
rection of + 40° NE, contrasted to the direction 
of the main folding with lineation 90—100° E. 
This folding is a typical feature of the late 
kinematic time. In addition to this the relations 
between the porphyroblasts and the external 
schistosity which will be described later indicate 
late kinematic metamorphism. In fold hinges the 
minerals of the pegmatite are deformed, which 
testifies to their emplacement earlier than cross 
folding. On the other hand absence of boudinage, 


u 


174 


schistosity or linear structures in the pegmatite 
is good evidence of an age later than the for- 
mation of schistosity. Fan-shaped muscovite 
crystals are quite common in the fold hinges of 
these pegmatites and they are suggestive of 
crystallization during folding of the pegmatite 
(Plate IV F). Similar pegmatites, sometimes very 
thin, have been found on several other places in 
the Bosost dome and the Aston massif (Plate 
IV D). 

A final argument for the relation between 
granitization and cross folding may be taken from 
microscopic evidence. Mica-schists occuring in 
areas with granitization always have abundant 
fibrolite, developed at the expense of biotite, 
usually leaving the other aluminium-silicates un- 
disturbed. The fibrolitization is certainly due to 
metasomatic alterations (Zwart, 1958) and there 
is no doubt that granitization and fibrolitization 
are related (Autran and Guitard, 1957). In fact, 
the upper boundary of the granite-pegmatite 
bearing zone coincides with a fibrolite line. The 
fibrolite usually forms more or less flattened 
knots of a size of 1—3 mm. In many cases these 
knots show similar relationships with regard to 
the surrounding schists as described for other 
porphyroblasts on p. 178. Bowing out of the 
schistosity and folding of the knots (Plate IV E) 
are indicative of formation not during static, but 
during synkinematic circumstances. As the 
fibrolite is distinctly later than cross cutting 
biotite it must date from a rather late phase, and 
so must belong to the final stages of the late- 
kinematic metamorphism, which, as postulated, 
can be correlated with the cross folding. In many 
other cases the fibrolite shows different relations 
with the schist matrix indicative of static meta- 
morphism. This is in good agreement with the 
age of the surrounding granites, which can be 
dated as partly late- and partly post-kinematic, 
as shown by the granites of the Bosost area and 
the western part of the Aston massif. 


Although there can be no doubt that folding 
of cleavage and schistosity in slates, phyllites and 
mica-schists is due to renewed or continuing 
tectonic forces, there must be an additional factor 
in the gneisses to explain the contrast between 
the rigid early and the plastic late-kinematic 
behaviour. In low grade rocks little changes in 
rigidity have taken place, after the formation of 
the slaty cleavage and consequently different kinds 
of folds are due to different kinds of deformation. 
Competent rocks like thick quartzites for instance, 
are strongly folded during the main phase, but 
are seldom influenced by the cross folding. This 
indicates that the intensity of the later folding 
must have been considerably lower than that of 


the main folding. The early synkinematic augen- 
gneisses which are almost as competent as 
quartzites, are, however, strongly attacked by the 
cross folding, although no rise in temperature in 
the late-kinematic phase can be held responsible 
for the change in plasticity, since in both phases 
the gneisses belong to the andalusite zone. It 
seems very probable that introduction of water 
during the late-kinematic phase explains this 
difference in behaviour, as suggested by several 
reasons. In the North Pyrenean massifs the early 
synkinematic gneisses were metamorphosed under 
dry circumstances and the rocks show affinities 
with granulite facies metamorphism. During the 
late-kinematic phase many of the water-free 
minerals were replaced by hydrous minerals and 
the metamorphism took place in the amphibolite 
or even the epidote-amphibolite facies. (Zwart, 
1959). Although similat relations do not exist in 
the gneisses of the axial zone, the great amount 
of pegmatite emplaced during the late-kinematic 
phase is indicative for the presence of a large 
amount: of volatiles during this time. Experiments 
carried out by Wyart and Caucier also demon- 
strate that viscosities of granitic melts under 
hydrous circumstances are considerably lower than 
under anhydrous conditions. 

Concluding it can be stated that in the Py- 
renees introduction of water and late-kinematic 
folding in gneisses and migmatites are linked. 
Whether one of the two depends on the other 
or whether both are due to some unknown process 
cannot as yet be established. 


Distribution of the cross folds and later E-W 
folding. 

The distribution of the cross folds in low grade 
Paleczoic sediments seems to be related to the 
regional metamorphism. The cross folds are 
especially well developed in slates and phyllites 
west of the Aston and Hospitalet massifs and 
probably link these areas with the Bosost 
anticline Towards the south, however, their 
presence becomes less well expressed and south 
of the Llavorsi syncline slates with fracture 
cleavage due to cross folding are quite rare. This 
is more a region with ”Glattschiefer” than of 
”Runzelschiefer”. In general it can be stated that 
the cross folding decreases in intensity going 
from gneisses and migmatites to mica-schist-and 
phyllites and then to slates. Since the regional 
metamorphism in the Centraal Pyrenees is 
restricted to the area north of the Llavorsi 
syncline, the relation between cross fulding and 
regional metamorphism seems to be well es- 
tablished, although difficult to understand. 

This distribution is the more remarkable in 
view of a later distortion of the cleavage which 
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Plate I Photomicrographs of thin sections; five diagnostic patterns of si. 


A Prekinematic metamorphism. Andalusite crystal without si; pushes the schistosity aside. Central part Hospitalet 
massif. 

B Early synkinematic metamorphism, first stage. Andalusite crystal with rotated si (inclusions of ilmenite); rotation 
axis — B (E-W). Trois Seigneurs massif. 

C As B, but crystals show peculiar forms. 

D Early synkinematic metamorphism, second stage. Staurolite crystal with rotated si; Rotation axis = B’ (N-S). 
Bosost dome, Valle de Arän. 

E Late synkinematic metamorphism. Cordierite crystal with included folds becoming steeper towards the rim. 
Bosost dome, Valle de Arän. 

F Postkinematic metamorphism. Andalusite-biotite-schist with helicitic folds; crystals are undeformed (see fig. 13). 
Western part Aston massif. 


Plate II Photomicrographs of thin sections; posterystalline rotation about B'-axis. 


A and B Two sections _| and || to the E-W lineation, _| section shows no totation of cordierite erystals; 
|| section shows rotation of round cordierite, but long crystal (at the border of the photograph) is not rotated. 
Note difference in biotite fabric in both sections. Bosost dome, Valle de Arän, y i 

C and D Two sections _| and /] to E-W lineation; only section || to lineation shows postcrystalline rotation of 
staurolite about B’-axis. Bosost dome, Valle de Arän. hr. : s 

E and F Two sections of biotite-schist, _| and |] E-W lineation; two generations of biotite; first generation of 
small oriented crystals and second generation of porphyroblastic habit. The latter is rotated in the s-plane and the 


crystals lie with their longest dimension || to lineation; a’ lineation superposed on B lineation. Bosost dome, Valle 
de Arän. 


Plate III Photomicrographs of thin sections; late kinematic metamorphism and cross folding. 


A Phyllite with staurolite and biotite crystals formed during period between early and late kinematic folding. 
Staurolite shows original sı = si (see also fig. 13), biotite is oriented in axial planes of folds of schistosity with 
development of sa. Western part Hospitalet massif. 

B Detail of A, showing the microfolds of sı (see fig. 13). 

C Biotite porphyroblast with weakly folded si; continuing cross folding has caused so, curved around biotite due 
to flattening normal to sa Western part Aston massif. e 

D Staurolite and cordierite with helicitic si; se is stronger folded with development of sg in which biotite is 
oriented. Sa is curved around staurolite and cordierite due to flattening (see also fig. 13). Western part Aston 
massif. 

E Staurolite, andalusite and biotite with helicitic folds; matrix has acquired a completely new schistosity (see 
fig. 13). Bosost dome Valle de Arän. 

F Andalusite crystals dating from period between early and late kinematic folding, mechanically deformed by 
cross folding, (see fig 13). Western part Hospitalet massif. 


Plate IV Photomicrographs of thin sections 


A Andalusite crystal with plane si in microfolded schist; andalusite is slightly deformed (see fig. 13). Central part 
Hospitalet massif. . 

B Muscovite-schist with plane se in which postkinematic biotite and andalusite cıystals occur (see fig 13). Western 
part Aston massif. 

C Fracture cleavage, sa, in biotite-schist between pegmatite sills of Barrados pegmatite (see fig. 10). Bosost dome 
Valle de Aran. 

D Thin pegmatite vein, folded together with enclosing schist (cross folding). Bosost dome, Valle de Aran. 

E Late synkinematic fibrolite knot which is folded and bows out the schistosity. Bosost dome, Valle de Arän. 
F Fan-shaped muscövite in fold hinge of pegmatite, Barrados valley, Bosost dome, Valle de Aran. 
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Fig. 11 — Chronological relations between crystallization and deformation in various mica-schist areas of the 


Pyrenees. 


avoids the regionally metamorphosed areas and is 
restricted almost exclusively to slates and 
phyllites. This deformation, again with E-W axes 
is much more irregularly distributed, but it may 
show the same types of folds of cleavage and 
accompanying fracture cleavage as the cross 
folding. 

An important difference is that fold axes of 
this phase are more or less parallel over large 
areas, but the axial planes vary in dip. When the 
original cleavage is steep,. the axial planes are 
rather flatlying, and vice versa. This is in contrast 
to the cross folding with constant axial plane and 
varying fold axes. Its age relation with the cross 
folding has been checked on many places where 
both occur together. Lineations and fracture 
cleavage of the cross folding are deformed by 
the younger E-W folding. This deformation phase 
still occurs in phyllites close to mica-schists but, 
except for a few cases, it does not seem to cross 
the biotite isograd. More or less connected with 
this E-W phase are knick-zones in the cleavage, 
probably representing a rather late phase of this 
deformation. The küick-zones also have an E-W 
direction and in several cases knick-zones of a 
few cm thickness are accompanied by a fracture 
cleavage with the same direction of lineation and 
the same attitude of the axial plane. Although 
cross folding and younger E-W folding often 
occur together, the maximum development of 
the latter seems to lie south of the area of cross 
folding. It also occurs on many localities south 
of the Llavorsi syncline. 

Since locally this E-W deformation is a rather 
intimate rock deformation, it is classified as a 
late-kinematic phase. No relation with the 


regional metamorphism could be established, but 
it seems possible that the postkinematic phase of 
the regional metamorphism is contemporaneous 
with this late E-W folding outside regional meta- 
morphic areas. 


V RELATIONS BETWEEN INTERNAL FABRIC 
OF PORPHYROBLASTS AND EXTERNAL 
SCHISTOSITY 

As the metamorphism had started before the 
early synkinematic phase and continued .to post- 
kinematic times there are at least five different 
ceircumstances during which recrysstallization has 
taken place, viz. prekinematic, early synkinematic 
(2 stages), late synkinematic and postkinematic. 
Further it is possible that between the various 
deformations periods of tectonic quiescence occur, 
during which crystallization continued. Although 
part of this complicated history can be traced in 
thin sections of slates and gneisses, the complete 
history can be followed only in andalusite- 
staurolite-cordierite-mica-schists, which show a 
large number of different relations between 
porphyroblasts and the surrounding schistmatrix. 
All three aluminium-silicates occur in great 
quantities and all may even be found in a single 
thin section. Besides these three garnet may be 
used in a few rocks. With the aid of the frequent 
presence of an internal schistosity, si, mostly 
consisting of quartz in the megacryst and com- 
parison with the external schistosity, se, the whole 
tectonic history can be followed step by step. This 
is facilitated by the fact, that the metamorphic 
history is only rarely complete in one area; usually 
it is only partly represented (fig. 11). The mica- 
schists forming the cover of the Hospitalet- 
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Fig. 12 — Different relations between 
external and internal schistosity. 


1. prekinematic, no si,schistosity pushed 
aside. 

2. early synkinematic first stage, S- 
shaped si, rotation about B-axis, up to 
180°. 

3. early synkinematic, second stage, S- 
shaped si, rotation about B’-axis, maxi- 
mum 90°. 

4. late kinematic, si-folds. become 
steeper towards the rim of the crystal. 
5. postkinematic, helicitic folds. 

6. between early and late kinematic, 
plane si, no rotation. 

7. between first and second stage, plane 
si, rotated about B’-axis. 

8. crystal later than schistosity, older 
thans folding of it. 

9. similar relation as 8, but crystal 
deformed by folding. 

10. as 8 but with development of sa. 
11. helicitic folds in porhyroblast; 
completely new schistosity in matrix. 
12. crystal later than schistosity, slightly 
deformed by folding of sı. 


gneisses, for example, show a pre- and early syn- 
kinematic metamorphism, but very little late and 
no postkinematic crystallization. The western part 
of the Aston massif shows a strong late- and 
postkinematic metamorphism, whereas the area 
around EI Serrat in Andorra was mainly re- 
erystallized between the early and late kinematic 
time. In both last-named areas early synkinematic 
metamorphism took place in the epizone and 
consequentiy no aluminium-silicates formed 
during that time. In the Bosost dome of the Valle 
de Aran, mica-schists were in the biotite-zone 
during the first stage of the early synkinematic 
phase, but entered the andalusite-zone immediately 
afterwards, even before the second stage, and then 
high grade metamorphism continued post- 
kinematically. 


Prekinematic metamorphism 


There is only one area in the Central Pyrenees 
where porphyroblasts of andalusite, staurolite and 
cordierite in mica-schists without regularly distri- 
buted inclusions occur in many rocks. This area 
lies in the NW corner of Andorra where mica- 
schists form the cover of the gneisses of the 
Hospitalet massif. In nearly all thin sections from 
this area such crystals occur rogether with other 
ones showing a plane or rotated si. All crystals 
without si push the surrounding schist aside and 
the schistosity never runs into the crystal (fig. 
12-1, plate I A). Large crystals may be cut through 
by the schistosity. Occasionally it has been 


observed that the rim of such si-free crystal 
shows an si which is continuous into se, sug- 
gesting the presence of a prekinematic core and 
a synkinematic rim (Plate IA). Although the 
evidence of the absence of si is indirect, the 
described relations suggest that these porphy- 
roblasts have formed prekinematically so as to be 
unable to inherit regularly distributed inclusions, 
due to the absence of any schistosity. The rocks 
acquired a schistosity by later deformation, 
leaving only the competent porphyroblasts rela- 
tively undisturbed, although they were certainly 
rotated in the plane of schistosity and in the 
lineation. 


Early synkinematic metamorphism 
First stage 


The diagnostic form of this stage are crystals 
with rotated si (fig. 12-2, plate IB, C). The 
trends of inclusions are s-shaped. They have been 
found in staurolite and andalusite crystals of the 
Hospitalet, Trois Seigneurs (Allaart, 1958) and 
Arize massifs, but they are not very abundant. It 
is remarkable that although the inclusions suggest 
strong deformation, the crystals are not usually 
mechanically deformed and they show straight 
extinction. This feature has also been noted by 
Harker (1926). When more crystals are present 
in one thin section, or when several sections are 
made from one specimen, the sense of rotation is 
similar in all crystals. The axis of rotation coin- 
cides with the megascopically visible lineation, 


which parallels the B-axis. The amount of rotation 
in the Pyrenean examples is variable, but may 
exceed 180° (plate IB). The explanation of such 
s-shaped si is undoubtediy the simultaneous 
growth of the crystal and its rotation due to 
differential movements. 

It cannot be explained by flattening only. Of 
course care has to be taken that congruent folds 
are absent in se, and also the possibility of 
inherited helicitic si with a new plane se has 
to be envisaged. Usually, however, there can be 
no doubt that the interpretation of rotation is the 
correct one, especially since queer sickle-shaped 
forms are often produced (Plate IC). 

Similar porphyroblasts with rotated si have 
been described from various regions (Alps, Scot- 
land). In some of these described cases the ro- 
tation is even larger than 180° (Flett, Schmidt, 
Becke). Their interpretation is similar io the one 
given here. 

Porphyroblasts with a plane si which is rotated 
about the B-axis with regard to se are rather 
another pattern belong to this deformation. The 
development of this feature must have taken 
place in three acts: (1) formation of schistosity, 
(2) growth of the crystal inheriting a plane si, 
during period of relative tectonic rest, (3) by 
continuing movements rotation of the crystal 
accompanied by pushing aside of the schistosity. 
The presence of such crystalls implies an interval 
of tectonic inactivity between two deformations 
with the same movement picture. Therefore it 
seems possible that in such cases the speed of 
crystal growth was large relative to the speed of 
deformation so as not to show the effects of ro- 
tation in the si. S-shaped si may have been 
produced when ctystallization merely kept pace 
with deformation. 

Porphyroblasts with plane si, bowing out the 
schistosity but not rotated about the B-axis will 
have formed after the end of the first stage. The 
pushing aside of the schistosity is due to later 
movement and flattening. In the Bosost dome 
this type of porphyroblast is widespread (Plate 
IC, D, fig. 12-7). 


Second stage 

This stage is characterized by folding about 
N-S axes. It results in the rotation of minerals 
and occurs'throughout the Bosost dome, but it 
has also been found in the Hospitalet massif. 
Although rotation already occurred during the 
first deformation, there are more differences 
between both folding stages than only the 
direction of the rotation axis which are perpen- 
dicular to each other. Rotation now takes place 
about the a-axis of the first fabric, which becomes 
a B’-axis, and consequently the rock is a B_LB’ 
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Fig. 13 — Key to plate I to IV; — 
numbers relate to plate, letters to individual photo- 
micrographs. A = andalusite, C = cordierite, 

St = staurolite, B = biotite, G = garnet; 
uninterrupted lines are se; dashed lines si. 


tectonite with triclinic symmetry. The younger 
age of this deformation is demonstrated in the 
mica-schists of the Bosost dome. In these rocks 
no aluminium-silicates were formed during the 
first stage because none of these minerals show 
rotation about the E-W -B-axis. A further proof 
is given by the presence of two generations of 
biotite, an older one consisting of small elongated 
crystals with perfect form and lattice orientation 
and dating from the first stage, and a second one 
of porphyroblastic habit, often with included si 
which shows that they have been rotated in the 
s-plane. These younger biotites show a form 
orientation, but heir cleavages show a random 
orientation (Plate II, E, F). It is to be noted that 
the longest dimension of these biotites lies in the 
direction of the lineation caused by the elongated 
first generation bioties. Hence the second gener- 
ation biotites produce a lineation in a’ (that is 
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parallel to the direction of the movement) which 
parallels B. Even in hand specimens the paral- 
ellism of large biotite porphyroblasts with the 
original B-lineation can be seen. The present 
position of si shows that these biotites grew more 
or less at random and often across the schistosity. 
Therefore they are younger than the first stage 
and older than the second, by which they were 
rotated in the s-plane. There is no doubt that 
these second generation biotites can be correlated 
with the andalusites, staurolites and cordierites 
which show the same structural characteristics. 
In most cases the rotation of the three alumi- 
nium-silicates is postctystalline, the si being plane. 
In one specimen or one thin section the sense of 
rotation is always the same. The angle of rotation 
is always the same. The angle of rotation is 
variable and depends upon the shape of the 
crystal; round or square crystals show a larger 
angle than elongated crystals originally Iying in 
the s-plane (Plate IID). Very long crystals show 
no rotation at all (Plate IIB). Paracrystalline 
porphyroblasts occur as well and they show again 
s-shaped trends of inclusions. This is the diag- 
nostic type for this deformation (plate ID, fig. 
12-3). In contrast to the main folding, however, 
the angle of rotation does not exceed 90°. The 
shape of these rotated crystals is quite normal, 
rounded or idioblastic. In the diagram, fig. 14, the 
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————> angle of rotation 
Fig. 14 — Histogram showing relation between angle 
of rotation and frequency. 300 staurolite, andalusite, 


cordierite and garnet crystals rotated about B’ (N-S), 
Bosost dome, Valle de Arän. 


angle of rotation of 300 crystals of andalusite, 
staurolite, cordierite and garnet is plotied against 
their frequency. These angles are all measured in 
sections parallel to the lineation and perpen- 
dicular to the B’-axis. It is evident that almost all 
erystals show some rotations; between 20° and 
90° there is a fairly regular distribution, but 
between 90—100° the maximum angle is reached 
and no crystals show a larger rotation. There 


seems to be a close connection between isoclinal 
folding in N-S direction which has been observed 
in the field and the maximum angle of rotation. 
When folds are made by bending there must be 
slip along the s-surfaces in the limbs, in both 
limbs the direction being opposite, whereas near 
the hinge of the fold no slip occurs. The maxi- 
mum slip in such a case is found when folds are 
isoclinal. Over a thickness d the slip amounts 
then to % n d. When a round crystal with a 
diameter d occurs in such a limb, it will rotate 
as a result of this slip, and the angle of rotation 
with a slip of % n d amounts to 90°, which 
agrees quite well with the observed maximum. 
The maximum angle is, of course, not always 
reached, partly because the shape of the crystal 
is not favourable, e.g. elongated crystals, partly 
because the enclosing rock exerts a braking action 
on the crystal. | 

The relationship described makes it very proba- 
ble that the N-S folds are made by bending only; 
they are no shearfolds. This contrasts to the iso- 
clinal folds of the first stage, where rotation 
exceeds the 90° limit of the second stage. 
Therefore the E-W folds cannot be produced by 
a simple bending, but they must be due to 
shearing with an unlimited amount of slip in the 
s-plane, and consequently both deformations are 
of different character. 

In the Bosost dome deformation is para- and 
posterystalline with regard to the second stage 
(plate IIB, D); in the Hospitalet massif only 
posterystalline rotation has been observed. 


Late synkinematic metamorphism 


As has been pointed out late kinematic defor- 
mation is characterized by folding of the s; -planes 
with axial planes striking NW-SE or NE-SW. 
Most of these folds are small and can be seen in 
a thin section. Even if large folds up to the size 
of a few metres occur they are frequently ac- 
companied by microfolds. Several different ge- 
ometrical patterns of si with regard to se have 
been observed. The most conclusive evidence is 
furnished by those crystals of which the si shows 
the development of folding. Such a porphyroblast 
of cordierite is shown in plate IE. The centre of 
the crystal shows weakly folded si, towards the 
rim the folds become steeper and finally se is 
even stronger folded. This evidence of para- 
crystalline deformation is as conclusive as crystals 
with rotated internal fabric. It is to be remarked 
that crystals which show such si, and formed 
during active folding, are themselves not 
deformed. A similar observation has already been 
made for early synkinematic crystals with rotated 
si. On the other hand it has been observed that 
all three aluminium-silicates can be deformed by 


movements later than cıystallization. ‘This leads 
to the conclusion that crystals, although growing 
during deformation are able to develop un- 
deformed lattices. Crystals which are no longer 
growing and occur as ”dead” bodies may easily 
be deformed by later or continuing movements. 

Porphyroblasts which show the development of 
folding as described, are not very frequent. The 
best examples have been found in the Bosost 
dome. ‘Another pattern which also is good 
evidence, is shown in plate IC, D. Here the 
megacryst contains regular helicitic folds through- 
out the crystal, but the se is stronger folded with 
development of sa, which is bowed out by the 
porphyroblast due to flattening perpendicular to 
sa. There can be no doubt that the helicitic folds 
and the folds of se are due the same phase of 
deformation; both have the same axial plane. 
Unlike the first case, however, the si does not 
show the development of the folding but it is 
only a snapshot of one moment. This leads again 
to the conclusion that crystallization has proceded 
rapidly with regard to deformation. 


In a few cases a completely new schistosity has 
developed in the s,-planes, leaving no trace of 
the first schistosity except for the helicitic folds 
in the porphyroblasts (fig. 12-11, plate III E). 
Such cases are, however, quite rare in the Py- 
renees. 


Important crystallization has occurred between 
early and late synkinematic time in the area 
around EI Serrat in the western part of the Hos- 
pitalet massif. (Plate III A, B). Here most of the 
andalusite, staurolite and cordierite crystals show 
a plane si, but they are not rotated about E-W 
or N-S axes, indicating an age later than early 
synkinematic time. All three minerals can be 
strongly deformed by the cross folding (Plate 
IV A, III F). Andalusite crystals especially, up 
to 5 cm. thick are folded together with the 
enclosing schist. Mechanically deformed staurolite 
erystals are much rarer, but this isin part due to 
the shape of the crystals which usually are square 
and are less easily deformed than elongated 
erystals. In the EI Serrat area incipient helicitic 
folds have been found in staurolite, indicating 
a short overlap of crystallization and cross folding. 


In larger folds up to 10 cm. in size crystals may 
be rotated by slip along the s-planes in the fold 
limbs, in a similar manner as described for the 
second stage N-W folds. Since the cross folds are 
more open, the amount of slip is much smaller 
and consequently the angle of rotation does not 
exceed 40—50° (fig. 15). The sense of rotation 
is found to be opposite in both limbs, as can be 
expected. The rotation axis is NW-SE. When the 
folds are very small, much smaller than the size 
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of the megactyst, some rotation may occur due 
to flattening perpendicular to the axial plane of 
the fold, but in this case only those crystals rotate 
which lie with their longest dimension oblique 
to the axial plane. Rotation may have an opposite 
direction depending on the attitude of the crystal 
in relation to the plane of flattening. In most 
cases such rotation due to flattening is small or 
even absent. 


Postkinematic metamorphism 


Postkinematic metamorphism is easily recog- 
nized, since there is no structural influence by 
porphyroblasts on the external schistosity or vice 
versa. The si in the megacryst is congruent with 
the se, and bowing out of the schistosity or 
rotation are completely absent. The diagnostic 
type of postkinematic or static metamorphism 
are helicitic folds as shown in plate I F, where a 
muscovite-schist is seen with folded schistosity 
and development of sa oblique to sı. Postkine- 
matic porphyroblasts of biotite, andalusite (and 
also staurolite and cordierite, not seen on the 
photograph) have grown in a passive manner 
and do not disturb the schistosity, so that they 
inherited the folds as clearly visible trends of 
inclusions. Even the s, planes can be followed 
into the andalusite crystals where they form 
inclusion-free zones in optic continuity with the 
andalusite outside these zones. All crystals have 
straight extinction and are not deformed. 

It makes, of course, no difference whether the 
schistosity is folded or not. In plate IV Ea 
muscovite-schist with plane si is shown, in which 
large postkinematic biotite and andalusite 
porphyroblasts have grown. They inherited the 
plane si without disturbing the external 
schistosity, again an example of true helicitic 
structures. 

From the described relations it became clear 
that metamorphism has occurred not only during 
the four successive phases, each showing its 
diagnostic pattern of inclusions, but important 
phases of crystallization also took place between 
the first and second stage of the early kinematic 
phase, and between early and late kinematic 
time. Both are typified by plane si, but in the 


Fig. 15 — Cross fold in mica-schist, showing rotation 
of crystals in the limbs due to slip caused by folding. 
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first case rotation about N-S axis, like in the 
Bosost dome, has occurred, which is absent in 
the second case. These periods of static meta- 
motphism between periods with a certain type of 
deformation may be ascribed to relaxation of the 
stress field during which its intensity and its 
local direction changed. 

Although the recognition of the various 
diagnostic types is relatively easy, complications 
may arise from the fact that a rock which has 
passed through one of the stages may become 
involved in any of the later stages, resulting in 
new movements and new cıystallization, which 
finally may obliterate earlier stages. In this way a 
large amount of different geometrical patterns of 
si and se may develop, but they can all be reduced 
to the described forms. These relationships allow 
the establishment of an accurate determination 
of the chronological succession of crystallization 
and deformation in any metamorphic area of the 
Pyrenees (fig. 11). 

Finally it can be stated that in the Pyrenees 
the association andalusite, staurolite and cordierite 
is essentially a stable one, and formed simul- 
taneously in most of the mica-schist areas. This 
assemblage was produced under different con- 
ditions of stress and movement, as well as before 
and after deformation. It can be concluded that, 
at least for the Pyrenees, Harker’s stress mineral 
concept is invalid. 
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SYMPOSIUM ON CROSS-FOLDING 


EIN BEISPIEL FÜR DIE ZEITLICHE ABFOLGE TEKTONISCHER 
BEWEGUNGEN AUS DEM RHEINISCHEN SCHIEFERGEBIRGE 


R. HOEPPENER 1 


ZUSAMMENFASSUNG 


In einem Teilgebiet des Rheinisches Schiefergebir- 
ges, in dem sich während der variszischen Tektogenese 
fünf verschiedene Bewegungspläne überlagerten, wird 
auf Grund einer Gefügeanalyse die Abfolge der Bil- 
dung der einzelnen Teilgefüge dargestellt. Der tekto- 
nische Werdegang dieses Gebietes lässt sich in sieben 
Zeitabschnitte zerlegen, die das Wechselspiel der Be- 
wegungspläne wiederspieglen. Die hier erkannte Ab- 
folge dürfte in ihren wesentlichen Zügen nicht nur 
für das behandelte Gebiet gelten. 


Die Gliederbarkeit der tektonischen Formung 
eines Gebietes in zeitliche Abschnitte ist von 
der Anzahl und der Verteilung der erkannten 
Zeitmarken abhängig. Solche Zeitmarken liefert 
in erster Linie das Gefüge selbst. Bei symmettie- 
konstanter Deformation werden meist nur die 
letzten Bewegungen im Gefüge markiert, wäh- 
rend die Abfolge der Entstehung der einzelnen 
Teilgefüge durch Überprägungen verhüllt bleibt. 

“ Überlagern sich dagegen mehrere Bewegungs- 
pläne, sodass die Symmetrieelemente der ein- 
zelnen Teilgefüge entsprechend dem Entste- 
hungszeitpunkt verschiedene Orientierung auf- 
weisen, wird neben dem Ende der Bewegungen 
auch ihr Beginn im Gefüge festgehalten. Im 
Rheinischen Schiefergebirge sind Teile der 
Moselmulde dadurch ausgezeichnet, dass fünf 
verschiedene Bewegungspläne im Wechselspiel 
die Formung des Gebietes beeinflussten. Aus 
- diesem Grunde eignet sich dieses Gebiet beson- 
ders, den Werdegang der Gefügebildung wäh- 
send der variszischen Tektogenese zu analysieren. 


Die Moselmulde ist ein Teil einer Senkungs- 
zone, die das Rheinische Schiefergebirge von 
seinem E- bis zu seinem W-Rand durchzieht. 
Schon im höchsten Siegen zeichnet sich die 
spätere Moselmulde als Senkungsgebiet ab und 
behält diesen Charakter bis ins Mitteldevon bei 
(W. Kegel 1950, Wo. Schmidt 1952). Nach der 


1 Geologisch-palaeontologisches Institut, Bonn, Nuss- 
allee 2. 


variszischen Tektogenese folgt dem SW-Teil der 
Mulde ein Rotliegend-Graben. Schliesslich zei- 
gen die Verbiegungen der quartären Rheinte- 
rassen ein relatives Zurückbleiben der Mosel- 
mulde während der Hebung des Rheinischen 
Schiefergebirges an (D. Gurlitt 1949). Da im 
Bereich der Moselmulde Sedimente zwischen 
dem Mitteldevon und dem Oberrotliegendem 
fehlen, lässt sich der Bewegungsablauf in der 
Zwischenzeit nur durch eine Gefügeanalyse er- 
fassen. Die Unterlagen für diese Gefügeanalyse 
sind im einzelnen in den Arbeiten von H. Collin 
1955, R. Hoeppener 1957 b, S. Kienow 1934, 
K.-O. Kopp 1955 und H. Scholtz 1930 ver- 
öffentlicht. 

Das hier behandelte Gebiet (Abb. 1) wird im 
NW durch die Mayener Überschiebung begrenzt, 
die oberstes Siegen in Hunsrückschieferfazies 
auf Siegen und Ems in Normalfazies überschoben 


... 


Abb. 1 — Lageskizze des behandelten Gebietes. 
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Abb. 2 — Tektonische Karte des SW-Abschnittes der Moselmulde, gezeichnet nach eigenen Untersuchungen 
unter Verwendung der Arbeiten von S. Kienow 1934, K.-O. Kopp 1955, W. Meyer 1958, D. Röder (im Druck), 


H. Scholz 1930, S. Simpson 1940, G. Solle 1942, 1951. 
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Abb. 3 — Schematisches Profil durch die Moselmulde. sı- und sa-Flächen. 


bat (Abb. 2). Die Überschiebungsweite dürfte 
im NE etwa 4 km betragen. Nach SW zu wird 
sie immer geringer, so dass schliesslich die 
hangende Scholle mit ihrem Liegenden zusam- 
mıenhängt. Diese hat also eine Rotation um eine 
vertikale Achse entgegen - dem Uhrzeigersinn 
durchgeführt. 

An die Mayener Überschiebung schliessen sich 
nach SE zu vier etwa 60° streichende Zonen an, 
die sich durch das Einfallen der Faltenachsen- 
und sı-Flächen (= Flächen der ersten Schiefe- 
rung, R. Hoeppener 1956; Transversal-schiefe- 
rung, slaty cleavage) unterscheiden und durch 
Schieferungsfächer bzw. -meiler von einander ge- 
trennt sind (Abb. 3, 4). In den einzelnen Zonen 
weicht das Fallen dieser Flächen von der Durch- 
schnittslage im Rheinischen Schiefergebirge, die 
mit 60/70° SE angegeben werden kann, nach 
NW (Zone I und III) oder nach SE (Zone II 
und IV) bis zu 80° ab (Abb. 2, 5). 

Die vier Zonen unterscheiden sich in ihrem 
Gefüge weitgehend voneinander. Die Zonen I 
und II sind NW-vergent, Faltenachsen- und 
‚sı-Flächen sind einander weitgehend parallel 
und fallen meist flach nach SE ein. Der Falten- 
spiegel ist oft nach NW geneigt. An Verschie- 
bungsflächen, die flacher als die s/ Flächen ein- 
fallen und jünger als die erste Schieferung sind, 
können ältere aufschiebende Bewegungen nach 
NW und jüngere abschiebende Bewegungen 
nach SE beobachtet werden. Sehr zahlreiche sı 
parallele Flächen weisen Abschiebungen nach 
SE auf. Diese Verschiebungen sind jünger als die 
erste Schieferung und die erwähnten Aufschie- 

“ bungen. Die sı parallelen Abschiebungen werden 


von flexurartigen Verbiegungen oder Knickun- 
gen der sı- Flächen begleitet (R. Hoeppener 
1956, S. 268 ff). Diese Flexuren können in sol- 
cher Häufigkeit auftreten, dass das Bild einer 
Fältelung der sı- Flächen entsteht (Abb. 6). 

Die Zonen II und IV sind SE- vergent. Fal- 
tenachsen- und s;- Flächen fallen nach NW. In 
der Zone II lassen sich deutlich zwei Generatio- 
nen von Falten unterscheiden: Falten mit einer 
Wellenlänge von etwa 1—4 km werden von jün- 
geren Falten mit einer Wellenlänge von meist 
unter 100 m überlagert. Die Faltenachsenflächen 
der jüngeren Falten liegen den s,-Flächen pa- 
rallel. Es handelt sich bei ihnen um die Faltung 
kompetenter Bänke während der ersten Schiefe- 
tung. Sie werden deshalb im folgenden im Un- 
terschied zu den älteren Falten mit "Falten (sı)” 
bezeichnet. Die Faltenachsenflächen der älteren 
Falten weichen im Fallen von der Normallage 
stärker ab als die s};-Flächen und die Faltenach- 
senflächen der Falten (s}) (Abb. 7). Der Falten- 
spiegel fällt steil nach SE ein, teilweise ist er 
sogar überkippt. An Verschiebungsflächen, die 
steiler als die s;-Flächen einfallen, und an sı pa- 
rallelen Verschiebungsflächen treten in den Zo- 
nen Il und IV Abschiebungen nach NW auf. Auch 
hier sind zahlreiche Flexuren an die sı parallelen 
Abschiebungen gebunden. Die Altersfolge dieser 
Teilgefüge ist die gleiche wie in den Zonen I 
und Il. 

Im SE-Teil der Zone III und in der Zone IV 
ist neben der ersten Schieferung noch eine jün- 
gere zweite Schieferung (R. Hoeppener 1956; 
Schubklüftung, fracture cleavage) entwickelt, 
durch die die sı -Flächen gefältelt wurden (Abb. 8) 


NW Se 
Zone I Fächer A Zone I Meiler B Zone I 
Kochem { N SORSSTCRITNTTURNOES 
SSIEUASÜTTICHHCEEETZETBSTÄHNUNT U 
S N SI 327 TFA Ds DB 7 r TAA, / SS AV 
Mayener 
Überschiebung NE BE RT.) 
Abb. 4 — Profil durch die Zonen I, I und III. Schichtflächen, sı-Flächen, Verschiebungsflächen. Den darge- 


stellten Verschiebungsflächen entsprechen entweder Verschiebungsflächen mit erheblichem ‚Verschiebungsbetrag 
oder eine grosse Anzahl kleinerer Verschiebungsflächen gleicher Lage und Verschiebungsrichtung. Das Profil 
verläuft von der Mayener Überschiebung über Kochem nach SE. 
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Abb. 5 — Isoklinen der sı-Flächen im Gebiet der 
südwestlichen Moselmulde. 


Kompetente Bänke erfuhren hierbei eine weitere 
Faltung ("Faltung (s3)”), die meist eine Wellen- 
länge von unter 100 m besitzt. Die Faltenachsen- 
flächen der Falten (s2) liegen parallel zu den 
Flächen der zweiten Schieferung (= s»-Flächen), 
die bei schwacher Entwicklung der zweiten Schie- 
ferung im Fallen um 40—60° von den s; -Flächen 
nach SE äbweichen und eine relative Hebung der 
NW-Scholle anzeigen. In der Zone IH fallen die 
s,-Flächen meist nach SE, in der Zone IV meist 
nach NW oder liegen ungefähr horizontal (Abb. 
)- 

Innerhalb der Zone III geht die zweite Schie- 
ferung des südöstlichen Gebietsteiles (Zone II 
z.T. und Zone IV) in die erste Schieferung des 
nordwestlichen Gebietsteiles (Zone I, II und II 
2.T.) über, sodass man eine Gleichzeitigkeit der 
Entstehung dieser beiden Teilgefüge annehmen 
muss. Die erste Schieferung erfasste also nicht 
den gesamten Bereich während eines Deforma- 
tionsabschnittes, sondern war zunächst nur im 
SE entwickelt. Erst als dort die zweite Schieferung 
einsetzte, wurde der nordwestliche Gebietsteil 
zum ersten Mal geschiefert. 

Neben den beschriebenen Abweichungen der 
Faltenachsen- und s}-Flächen von der Normallage 
im Fallen treten besonders im NE des Gebietes 
Abweichungen im Streichen auf; Faltenachsen- 
und sı-Flächen weichen hier von der Normallage 


entgegen dem Uhrzeigersinn ab, streichen also 
mehr N-S (Abb. 2). Hierbei zeigen die Falten- 
achsenflächen der älteren Faltung grössere Win- 
kelbeträge an als die Faltenachsenflächen der Fal- 
tung (s}) und die sı-Flächen (Abb. 7). 
Während für die sı parallelelen Abschiebun- 
gen die Vergenzfächer und -meiler Symme- 
trieebenen darstellen, ist das für alle übrigen Ele- 
mente nicht der Fall. Diese lassen sich aber durch 
Rotation um eine horizontale Achse parallel dem 
Streichen in etwa zur Deckung bringen (Abb. 9, 
Zeile 6). Dieser rein geometrischen Operation 
entspricht eine im Gefüge nachweisbare Rota- 
tion des Gesteins. Da die Schichten ursprünglich 
horizontal lagen, gibt die Abweichung des Fal- 
tenspiegels von der Horizontalen, die z.B. in der 
Zone II teilweise über 90° beträgt, eine gleich 
grosse Rotation des Gesteins an. Diese Rotation 
muss auf Grund der Symmetrieverhältnisse in der 
Hauptsache jünger als die Ausbildung des Ge- 
füges mit Ausnahme der s, parallelen Abschie- | 
bungen sein. Die Abweichung der Faltenachsen- 
flächen der älteren Falten von den s;-Flächen im 
Fallen in der Zone II weist auf eine Rotation in 
gleicher Richtung hin, sodass man annehmen 
muss, dass diese Rotation schon nach der Anlage 
der älteren Falten eingesetzt hat. Die jüngere 
und wiederum mit Faltung verbundene erste 
Schieferung traf die SE-Flügel der nach SE ro- 
tierten Falten unter sehr spitzem Winkel, die 
NW-Flügel dagegen unter fast 90°, sodass diese 
im Gegensatz zu den SE-Flügeln gefaltet wurden 
(Abb. 7; Abb. 9, II/4). In der Zone III und IV 
wird eine gleichzeitige, aber entgegengesetzte Ro- 
tation durch die zweite Schieferung angezeigt, 
für deren Entstehung eine Rotation der sı- 
Flächen als Voraussetzung angenommen worden 
ist (R. Hoeppener 1956). Diese frühe Rotation 


Abb. 6 — Flexurartige Knickung der‘sı-Flächen an 
einer sı parallelen Aufschiebung. 


steht in ihrem Ausmass hinter der späteren, die 

nach Abschluss der Faltungen und Schieferungen 

auftrat, zurück. 

Eine weitere Rotation lässt sich aus dem nach 
NE hin zunehmenden Überschiebungsweite an 
der Mayener Überschiebung ableiten. Diese Ro- 
tation um eine vertikale Achse entgegen dem 
Uhrzeigersinn stimmt weitgehend mit der Ab- 
weichung der Faltenachsen- und s,-Flächen von 
der Normallage im Streichen im Hangenden der 
Überschiebung überein. Diese Abweichung ist 
also nicht primär, sondern durch die Bewegungen 
auf der Mayener Überschiebung bedingt. Auch 
hier ist die Hauptbewegung jünger als die Fal- 
tungen und die Schieferungen. Da aber die Fal- 
tenachsenflächen der älteren Falten stärker rotiert 
sind als die s,-Flächen, muss diese Rotation 
schon nach der Anlage der ersten Falten und vor 
der Entstehung der ersten Schieferung eingesetzt 
haben. An dieser Rotation lässt sich also die glei- 
che zeitliche Abfolge feststellen, wie sie die Rota- 
tion um streichende horizontale Achsen anzeigt. 

Im Bereich der Moselmulde treten demnach 
fünf Bewegungspläne auf, die sich zeitlich über- 
lagern: 

a. Einengung in etwa 150° Richtung, angezeigt 
durch Faltungen, Schieferungen und Über- 
schiebungen. 

b. Diese Einengung wird durch eine rotatorische 
Komponente überlagert (Rotation nach NW). 


Diese wird durch die primäre Vergenz der 


Falten, die einseitige Richtung der Überschie- 
bungen und z.T. durch die Rotation der sı- 
Flächen vor Beginn der zweiten Schieferung 
in den Zonen III und IV angezeigt. 

c. Dehnungen in etwa 150° Richtung, angezeigt 


Abb. 7 — Blockbild einer durch die erste Schieferung 
schiefwinklig überprägten Falte aus dem NE-Teil der 
Zone II. 
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durch die abschiebenden Bewegungen, auf den 
sı parallelen Flächen und den Flächen, die die 
sı Flächen spitzwinklig schneiden. 

. Vertikalbewegungen etwa 60° streichender Zo- 
nen, angezeigt durch die Rotationen um hori- 
zontale etwa 60° streichende Achsen, die an 
der Lage sämtlicher Gefüge, die älter als die 
sı parallelen Abschiebungen sind, ablesbar ist. 
Ausserdem ist dieser Bewegungsplan vor und 
nach der variszischen Tektogenese in den Se- 
dimenten des obersten Siegens, des Ems, des 
Mitteldevons, des Perms und in den Rhein- 
terassen aufgezeichnet. 

. Horizontalbewegungen etwa 20° streichender 
Zonen, bei denen die E-Scholle nach N vor- 
gleitet, angezeigt durch die schwenkende Be- 
wegung der hangenden Scholle der Mayener 
Überschiebung und den Abweichungen der 
Faltenachsen- und s;-Flächen von der Nor- 
mallage im Streichen. Dass diese Bewegung an 
eine 20° streichende Zone gebunden ist, lässt 
sich in der Moselmulde selbst nur undeutlich 
erkennen, kommt aber in der Fortsetzung nach 
N klarer zum Ausdruck (R. Hoeppener 1957a). 
Im Einzelnen ergibt sich folgender Bewegungs- 

ablauf während der variszischen Tektogenese 

(Abb. 9): 


1. Faltung im Hunsrück, nach N bis etwa zur 


Du 


o 


Abb. 8 — Zweite Schieferung im Aufschlussbild. Die 
sı-Flächen — im Durchschnit etwas steiler als die 
Schichten nach SE fallend — sind gefältelt. Die s2- 
Flächen, die aus Flexuren der sı-Flächen entstanden 
sind, fallen steil nach NW. Die kompetenten Bänke 
sind während der zweiten Schieferung gefaltet worden 
(Faltung (s2) ). Die Faltenachsenfläche dieser Falten 
folgt den sa-Flächen. Die durchschnittliche Lage der 
sı-Flächen zu der Lage der Schichtung und die Orien- 
tierung der Klüfte in den kompetenten Bänken lassen 
erkennen, dass es sich bei diesem Beispiel um den 
S-Flügel einer älteren Falte handelt, die von der zwei- 
ten Schieferung überprägt wurde. 
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Mosel vorgreifend (Bewegungsplan a, b). 

2. Erste Schieferung verbunden mit weiterer Fal- 
tung (s}) im Hunsrück (von 1. nicht mehr 
scharf trennbar, da die Überprägung der älte- 
ren Gefüge durch die zweite Schieferung die 
Zusammenhänge verwischt). Gleichzeitig erste 
schwache Faltung in der Eifel (a, b). 

3. Rotation der Zone II nach SE (d), der Zone 
II und IV nach NW (b, d). Im NE des Ge- 
bietes Rotation entgegen dem Uhrzeigersinn 
(e). 

4. Erste Schieferung verbunden mit weiterer Fal- 
tun (sı) in der Eifel, zweite Schieferung ver- 
bunden mit weiterer Faltung (s) im Huns- 


Fone 1 Zone I 


1 1 ER Pe 


rück (a, b, d?). 


. Überschiebungen nach NW (a,b). Eine Gleich- 


zeitigkeit dieser Bewegungen in allen Zonen 
ist wahrscheinlich, doch können sie in den 
Zonen III und IV schon vor 4. eingesetzt ha- 
ben. Schwenkende Bewegung der Mayener 
Überschiebung, unterstützt von etwa 20° 
streichenden Seitenverschiebungen, an denen 
die E- Scholle nach N vorgleitet (a, b, e). 


. Rotation der Zonen I und III nach NW, der 


Zonen II und IV nach SE unter antithetischen 
abschiebenden Bewegungen auf allen günstig 
gelegenen älteren Flächen, besonders sı- 
Flächen und Aufschiebungsflächen. Letztere 


Zone I Zone V 


RR 
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Abb. 9 — Schematische Darstellung des tektonischen Werdeganges der Moselmulde. 


zeigen in den Zonen I und III Bewegungsum- 

kehr, in den Zonen II und IV dagegen nicht, 

da hier die Flächen über die Vertikale hinaus 
rotiert wurden und somit die Richtung der 

Relativverschiebung erhalten blieb. Neue Flä- 

chen reissen — abgesehen von den zahlreichen, 

die Abschiebungen begleitenden Flexuren — 

im allgemeinen nicht auf. Die Vergenzfächer 

A und C (Abb. 2, 5), von denen das Gestein 

nach beiden Seiten wegrotierte, sind häufig 

durch unregelmässige Lagerung gekennzeich- 
net, die auf einen Zusammenbruch der Gestei- 

“ne zurückzuführen ist. Im Bereich des Ver- 

genzmeilers B treten Überschiebungen auf, da 

das Gestein von beiden Seiten auf ihn zu ro- 

tierte (Abb. 4) (c, d). 

7. Synsedimentäres Einsinken des 
Oberrotliegend-Grabens (c, d). 
Von den Bewegungsplänen erweist sich der 

Bewegungsplan d (Vertikalbewegungen 60° 

streichender Zonen) als konstantester. Während 

der variszischen Tektongenese zeichnet sich zu- 
nächst eine breite Einmuldung ab (3), die die Zo- 
nen II, III und IV erfasst. Mit Nachlassen der 
einengenden Bewegungen tritt die Absenkung 
stärker in Erscheinung, gleichzeitig konzentriert 
sie sich auf den Kern der Mulde (Zone II und 

II), während die Flügel entgegengesetzt rotieren 

(Zone I und IV) (6). Den Abschluss bildet das 

synsedimentäre Einsinken des Rotliegend-Gra- 

bens im Innersten der Mulde (7). 

Da die Gefügeelemente immer nur bestimmte 
Zeitpunkte im Ablauf der Bewegungen markie- 
ren, erscheint der tektonische Werdegang des Ge- 
bietes in einzelne Phasen zerhackt. Wir sehen nur 
einzelne Bilder aus einem möglicherweise mehr 
oder weniger kontinuierlich ablaufendem Vor- 
gang, die leicht den Eindruck in sich abgeschlos- 
sener kurzfristiger Bewegungsabschnitte hervor- 
rufen. 

Im Verlauf der tektonischen Prägung der Mo- 
selmulde entstanden verschiedenartige und ver- 
schieden gerichtete Falten, die mehreren Faltungs- 
abschnitten zuzuordnen sind: 

' a. Erste Faltung der ss (= Schicht)-Flächen. 

ß. Faltung (sı) der ss-Flächen während der ertsen 
Schieferung. 

y. Faltung (ss) der ss-Flächen während der zwei- 
ten Schieferung. 

. Fältelung der s;-Flächen — zweite Schiefe- 
rung. 

e. Fältelung der s;-Flächen während der Bewe- 
gungen auf Verschiebungsflächen. 

Die unterschiedliche Lage der Faltenachsen und 
Faltenachsenflächen ist im wesentlichen auf zwei 
Ursachen zurückzuführen: 

A. Änderung des örtlichen oder regionalen Be- 
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anspruchungsplanes. Als Beispiel aus dem be- 
sprochenen Gebiet lassen sich hier nur die 
Fältelungen der s}-Flächen bei Bewegungen 
auf Verschiebungsflächen (e) anführen. Lage 
der Faltenachse und der Faltenachsenfläche 
sind von der Lage der s; -Fläche, der Verschie- 
bungsfläche und der Bewegungsrichtung auf 
ihr abhängig. Bei der Bewegung auf der Ver- 
schiebungsfläche entsteht eine Beanspruchung, 
deren Orientierung die Lage der Falten be- 
stimmt. An sı parallelen Auf- und Abschie- 
bungen liegen die Faltenaschen ungefähr ho- 
rizontal, an s; parallelen Seitenverschiebun- 
gen können sie bei vertikalem Einfallen der 
Fläche vertikal stehen. 


B. Änderung der Lage des Gesteins durch Rota- 
tion gegenüber einem richtungskonstanten 
Beanspruchungsplan. Als Beispiel aus dem 
Bereich der Mosulmulde kann hier die ver- 
schiedene Lage der Faltenachsen und Falten- 
achsenflächen der ersten Faltung («) und der 
Faltung (sı) (#) dienen. Durch einen über- 
lagernden Bewegungsplan war hier das Ge- 
stein zwischen den beiden Faltungsakten ro- 
tiert worden. : 

Während in vielen anderen Gebieten die Ur- 
sache verschieden gerichteter Falten in einer re- 
gionalen Richtungsänderung der Beanspruchung 
zu suchen ist (A), kann in der Moselmulde mit 
Ausnahme der Fältelung (e) jede Verschiedenheit 
der Lage von Faltenachsen und Faltenachsenflä- 
chen durch eine Rotation des Gesteins während 
der Tektogenese erklärt werden (B). Im nordwest- 
lichen Gebietsteil, wo keine Rotation das Gestein 
erfasste, liegen die Falten verschiedenen Alters 
einander weitgehend parallel, sodass men hier eine 
einmalige Prägung annehmen könnte. Im nord- 
östlichen und südlichen Gebietsteil dagegen, wo 
die Gesteine rotierten, lassen sich mehrere Defor- 
mationsabschnitte erkennen, die auch im NW 
wirksam gewesen sein müssen. 

Zum Abschluss sei noch kurz die Frage disku- 
tiert, wie weit das hier gebrachte Beispiel typisch 
für den Bewegungsablauf während der variszi- 
schen Tektogenese im Rheinischen Schiefergebir- 
ge ist. Das verschiedene Alter der Faltung und 
der ersten Schieferung einerseits im Hunsrück 
und anderseits in der Eifel zeigt, dass die Zeit- 
punkte der Entstehung einzelner Gefüge nicht 
verallgemeinert werden dürfen. Dagegen scheint 
aber die relative Abfolge der verschiedenen Bewe- 
gungen sich in weiten Teilen des Rheinischen 
Schiefergebirges zu wiederholen (vergl. "Tektonik 
und Lagerstätten im Rheinischen Schiefergebirge” 
— Geol. Rdsch., 44, Stuttgart 1955). Die Anlage 
der Faltung ist meist älter als die der ersten 
Schieferung und diese wiederum älter als die 
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zweite. Die Überschiebungen treten ebenso wie 
die Vertikalbewegungen etwa 60° streichender 
Zonen und die Horizontalbewegungen 20° strei- 
chender Zonen in verstärktem Masse mit Ausklin- 
gen der Faltungen und Schieferungen hervor, 
wenn sie auch in den meisten Fällen nicht so auf- 
fällige Rotationen bewirken, wie im Gebiet der 
Moselmulde, wo die sehr gut entwickelte erste 
Schieferung der meist tonreichen Sedimente dem 
Gestein eine hohe Beweglichkeit verliehen hat. 
Untersuchungen ausserhalb der Moselmulde zei- 
gen, dass an 20° streichenden Zonen neben den 
geschilderten Horizontalbewegungen auch Verti- 
kalbewegungen nachzuweisen sind. Wenn auch 
an verschiedenen Stellen Abweichungen von der 
hier dargestellten Abfolge der Bewegungen fest- 
gestellt werden konnten, so dürfte diese doch die 
Regel sein. 
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SYMPOSIUM ON CROSS-FOLDING 


CROSSFOLDING IN NON-METAMORPHIC OF THE CANTABRIAN 
MOUNTAINS AND IN THE PYRENEES 


L. U. DE SITTER! 


This paper is written as a complement to the 
other papers of this Symposium on Cross Folding 
dealing with regions of high to low metamorphic 
rocks. It describes parts of the southern slopes of 
the Cantabrian Mts and the Pyrenees where 
concentric folding of completely non-meta- 
morphic rocks dominate and where the tectonic 
phases may sometimes be dated by stratigraphy. 

The southern part of the Cantabrian Mts — 
the Leon belt (de Sitter, 1959) — has a very 
complicated structure with an extensive nappe, 
a recumbent fold belt, vertical folds etc., in rocks 
ranging in age from the Lower Cambrian to 
the Upper Carboniferous (fig. 1). Ic is limited 
to the south by a narrow belt of vertical Meso- 
zoic rocks (Trias-Cretaceous). It has been es- 
tablished that in the Hercynian orogeny at least 
three phases of major importance can be dis- 
tinguished. 

The sequence from the Cambrian (perhaps 
even upper Precambrian) upwards to somewhere 
near the top of the Lower-Carboniferous shows 
no sign of an unconformity in the relatively 
small area of Lower Paleozoic rocks that has yet 
been mapped. The first major unconformity is 
‘ found between the Westphalian B and either the 
Namurian or possibly the lower strata of the 
Westphalian A. At the base of the unconfor- 
mable formation there often is a very thick 
conglomerate (up to 500 m) of Westphalian B 
age called the Curavacas conglomerate. In other 
places there is only an angular unconformity 
between a Westphalian C or D marine sequence 
overlying severely folded Lower Carboniferous 
rocks of either Culm or a massive limestone 
facies. This break approximates to the Sudetic 


1 Geological Institute, University of Leiden, Nether- 
lands. 


folding and has been called the Curavacas phase 
here. It was probably preceded by a precursory 
phase between Westph. A and the Namurian. 

The second phase is somewhat complicated. 
Originally it was determined in the east, (Bar- 
ruelo basin east of the Pisuerga basin) by Wagner 
(1952), as occurring between Stephanian A and 
B. However, in the Pisuerga basin, 10 km to 
the west we have found that precursory move- 
ments took place between the Westphalian D 
and Stephanian A (Breimer & Wagner, 1958), 
which we suspect to be much more important 
further west (Rio Carrion and Rio Cea regions), 
A pronounced diastem occurs within the West- 
phalian D of this area. This second phase there- 
fore corresponds to the Asturian phase with 
subphases.It is often marked by thick conglo- 
merates at the base, but these wedge out quickly 
southwards. 

The third phase folded the Upper Stephanian 
before the deposition of the Wealden and pro- 
bably before that of the Triassic. 

The structural map shows many different 
trends of folds, some of which can be identified 
with one of the above mentioned phases. Some 
of these correlations are, however, not very 
consistent over the whole surveyed region. 

The most clearly identified fold-trend is that 
of the youngest Hercynian phase. In the Sabero 
basin and in the Tejerina syncline it has an E-W 
trend, and because the unconformable Wealden 
blanket between Bofar and Colle overlaps from 
the Devonian onto this Stephanian it is certain 
that the folding was not Alpine, and probably 
pre-Triassic. 

Another well identified trend with a NNW 
direction is seen in the east of the Westphalian- 
Lower-Stephanian Pisuerga basin (de Sitter, 1957) 
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A whole set of well exposed folds with this trend 
in these Upper Carboniferous sediments contrasts 
sharply with the WNW and E-W trends of the 
folds in the Lower-Carboniferous and Devonian 
south and west of the Pisuerga basin. These 
E-W folds are clearly older being truncated by 
the Curavacas conglomerate of Lower-West- 
phalian age. The younger fold system dies out 
quickly southwards and in the Sierra Coriza we 
find nothing of the NNW trend, and there are 
ıo traces of crossfolding in the WNW folds of 
the Lower Carboniferous to the south. In the 
north of the Pisuerga basin, however, we do find 
a strong refolding of the isoclinal E-W folds of 
the Lower Carboniferous. 


We have thus established: 
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represents therefore exactly that stratigraphic 
sequence which has been sheared off the 
autochtonous of the Esla region (fig. 2). These 
two facts can leave us no doubt that the Esla 
thrust-sheet has moved northwards. 

The originally flat thrust-plane has been 
strongly re-folded by two sets of folds. West of 
the Esla in the Cremenes region the thrust-plane 
is vertical with a NNE strike and it is also ver- 
tical with the same NNE strike where it crosses 
the Esla region near Verdiano. Apparently it also 
has a steep position and a variable N-S trend on 
its eastern limit. The folds in the autochtone 
below show the same NNE trend. However it 
has also been refolded with an E-W trend because 


Saalic, youngest or 3rd phase E-W trend 
Asturian, middle or 2nd phase NNW trend 
Sudetic, oldest or 1st phase WNW toE-W trend 


post Upper-Carb. 
Post or late Westph. D to post Steph. A 
(Curavacas) post Namurian 


When we turn our attention to the west we 
find the Esla nappe as the principal structural 
feature of the Esla region. The direction of 
thrusting can be established by two facts. In the 
north, just south of the Pico Jano, the thrust 
plane cuts obliquely upwards in the nappe 
through the stratigraphic sequence, from its 
normal position at the base of the Lancara lime- 
stone (Middle Cambrian) to a position some- 
where in the top layers of the Devonian. In 
the autochtone it cuts also stratigraphically up- 
wards from its normal position at the base of 
the Nocedo quartzite (Upper-Devonian) to the 
top of the Lower-Carboniferous limestone. Further 
north, beyond the autochtonous folds of the Rio 
Duenas region another remnant of the Esla 
thrustsheet has been preserved in the Pena Cruz 
region. There the thrust-sheet consists of the 
Nocedo quartzite (Upper Devonian) at the base 
and the shales and sandstones overlying the Lower- 
Carboniferous limestone at the top. This sheet 


it is vertical south of the Pico Jano in the north 
flank of the Peha-Cruz klippe. The thrusting itself 
and its NNE re-folding are both older than the 
E-W folding of the last phase because the 
Stephanian of the Sabero basin truncates both 
these trends of the thrust sheet and the 
autochtone. 

Accordingly, it would be logical to assign the 
thrusting itself to the first phase, the NNE 
folding to the middle phase and the E-W re- 
folding to the last phase. There are, however, 
some factors which are not consistent with this 
explanation, but these will not be discussed now. 

In the Carboniferous of the Rio Duenas we 
find again both the ENE and NNE trends in the 
curved anticlines and synclines of this region. 
Here it is difficult to decide their relative ages, 
but there is some reason to suspect that the ENE 
trend is younger because it is approximately 
parallel to the Pico Jano syncline and the 
steepened portion of the thrust-plane south of it 
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Fig. 2 — Development of the Esla nappe. Section above: after first overthrusting phase; section below: after last 
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as well as the E-W re-folding in the thrust-sheet 
of the Pefa Cruz. This conclusion must be re- 
garded as tentative because there are orher struc- 
tural features which do not agree with it. 

In the upper Esla region, upstream of Riafio, 
we find several of the most striking examples of 
cross folding. The first is the synclinal structure 
of Cuenabres, originally a structure striking 
roughly N-S, which as a whole has been re-folded 
by the E-W trending Vallines anticline (fig. 3). 
Although the structure further west is still far 
from clear we can recognize the same two 
structural trends here‘ also. 


trends is presented by the mountains of Pico 
Mediodia and the Pena Cruz Thrust-sheet. The 
Peha Cruz unit, part of the Esla thrustsheet having 
acquired a late E-W trend and the autochtonous 
Pico Mediodia structures a very much disturbed 
N-S trend. 

Applying our previously established sequence 
of folding phases, the N-S trend ought to be the 
Asturian phase and the younger ones belong to 
the last E-W phase. The Cuenabres syncline con- 
firms this conclusion, the other structures are less 
conclusive but are also in favour of such a 


sequence. 


\ 
SI 


Fig. 3 — The originally N-S trending Cuenabres syncline refolded in the perianticline of the Vallines anticline. 


Still further to the west, in the upper teaches 
of the Esla, we find both trends admirably exposed 
in the Pico Lago and its eastern slope ‚The main 
structure of the Pico Lago is an E-W syncline and 
anticline reaching at least af far as Isoba further 
west. It consists of Upper Devonian nodular 
limestone and quattzite overlain by Lower-Car- 
boniferous limestone. This structure is thrusted 
over Carboniferous limestones, well exposed on 
the northern and western slope, which show N-S 


structures when viewed from the north and E-W 


structures when seen from the west. The indi- 
vidual structures are difficult to map and to 
understand in ‚a three-dimensial picture because 
of their unpredictable behaviour caused by this 
cross folding. 

The same contrast between N-S and E-W 


In complete agreement with these cross-folding 
structures, cross cutting cleavage has also been 
observed in several areas. A vertical E-W striking 
axial plane cleavage predominates, but an older 
cleavage system can often be observed even under 
the microscope. 

In reviewing these cross folding structures we 
can distinguish different types. The simplest one 
is perhaps the abrupt curve in the fold axes and 
planes of the Rio Dueäias folds. The folding of the 
original flat overthrust is also easily visualized. 
The contrast in trend between structures in a 
thrustsheet and its autochtonous basement is 
neither of a complicated nature. T'he structure 
becomes more difficult to understand when a 
second folding of about the same size is super- 
imposed on an older one as in the Cuenabres 


syncline, because then we are apt to get contra- 
dicting evidence. In this particular case the survey 
party coming from the east insisted that the 
structure they were mapping represented an 
anticline, whereas the party starting in the west 
maintained, on ground of top and bottom evi- 
dence of the strata, that the structure was a 
syncline. Both proved to be right. 

Another striking feature is that apparently 
in many cases portions of already folded terrains 
escape further folding as for instance in the Rio 
Dueönas structures. 

We have presumed that all the folding phases 
of this Leon zone of the Cantabrian Mts are 
Hercynian phases, a presumption which is 
founded partly on the fact that the Wealden 
tongue of Colle lies unconformably on the 
Stephanian ‚partly on the evidence round the 
Pisuerga region where, in the south, the steep 
border zone of the Mesozoic. (Triassic in this 
case) is very nartow and in the east where the 
Triassic shows only very broad and gentle folds. 

In the southern border zone of the Pyrenees 
the Tertiary refolding of the Hercynian is better 
known. The southern border of the axial zone of 
the Central Pyrenees is comparable to the southern 
border of the Cantabrian Mts, in both cases we 
find a rather straight and steep Triassic zone 
unconformable on the Paleozoic. Two sections by 
Zandvliet, 1960 (fig. 4) showing the dip of the 
cleavage in the Paleozoic, demonstrate that only 
in a zone of 3 to 4 km width this cleavage has 
been bend down by Tertiary influences. Elsewhere 
along this border one gets the impression that 
locally this Tertiary deformed zone may be even 
narrower or considerably broader. South of this 
well defined borderline we find, however, an also 
rather narrow zone of 5—6 km width where the 
Mesozoic cover (Triassic in this case) is strongly 
folded together with its Paleozoic basement. The 
Pallaresa river for instance is crossed by a re- 
cumbent anticline, with a south dipping axial 
plane, with Devonian in the core and Triassic in 
its flank, overthrusted by Devonian on a narrow 
Silurian base. 

In that same neighbourhood Schulmann (1959) 
(fig. 5) has mapped south drooping anticlinal 
cores of Ordovician in isoclinal folds of Devonian 
which show' a cross cutting Tertiary fold. 
Elsewhere a northwards overthrusted anticline in 
the Devonian with a Dogger limestone wedge in 
the thrustplane has been mapped or we find 
Paleozoic gliding masses resting on Triassic rocks. 


On the northern border of the axial zone similar 
evidence of Tertiary re-folding of Hercynian 
structures has been given by Zwart (1953). Small 
vertical folds in an overturned part of a Hercynian 
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gliding sheet, parallel to the steeply folded 
Mesozoic cover on the northern border of the St. 
Barthelemy mass are very probably of Tertiary 
origin. 

Another example of Tertiary faulting is given 
by the dextral wrench fault on the southern 
border of the Cantabrian Mts near Villanueva de 
la Pena (fig. 6). This fault is certainly post-Cre- 
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Fig. 5 — Tertiary refolding of a Hercynian recumbent fold in the Nogueras zone, south of the axial zone (from 


Schulman, 1959). 


Fig. 6 — Tertiary wrench fault accompanied by vertical folds in. the Stephanian and Cretaceous on the southern 
border of Cantabric Mountains, west of Cervera de Pisuerga. 


taceous, because its offset in the basal Carboni- 
ferous massive limestone outcrop is faithfully 
followed by a flexure-like fold with an almost 
vertical axis in the Cretaceous and in the Upper 
Carboniferous. 

With this evidence in mind it would certainly 
be erroneous to presume that cross-folding, of the 
superficial kind we are discussing here, is always 
restricted to phases of the same orogenic period, 
but still the main body of a Hercynian orogene 
seems to have been only affected by a Tertiary 
re-folding on its borders. A qualification must be 
made for fault movements, because we find for 
instance mylonite zones of probable Tertiary age 
in late Hercynian intrusive granite plutons. 
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SYMPOSIUM ON CROSS-FOLDING 


CONCLUSION AND CONJECTURES ON SUCCESSIVE TECTONIC PHASES 


L.: U. DE SITTER! 


The evidence of succeeding tectonic phases 
from four different orogenes have been presented 
to us. In each of them these phases are thought 
to belong to the same orogenic period, although 
deformation of Hercynian structures by Tertiary 
stress-field has been proved to exist also. 

The methods of detecting the succession of the 
phases are variable, but all consist of observing 
which one of distinct structural features has 
disturbed another. In many cases, however, a defi- 
nite conclusion is not possible and only statistic 
data assembled from different outcrops or areas 
can give a solution to the question of succession. 
Only in the Cantabrian Mts is much useful strati- 
graphical data available. 

From our Pyrenean work we concluded that 
there is a distinct zone separating a suprastructure 
from an infrastructure, the suprastructure being 
characterized by vertical cleavage, the infra- 
structure by horizontal schistosity and crystal 
growth lineation. The surface or zone separating 
the two structural units is determined in the 
first place by the metamorphic front but may be 
influenced by the lithology of the strata. Where 
the metamorphism rose very high, to the top of 
the Cambro-Ordovician, the incompetent black 
sbale horizon of the Silurian became the sepa- 
rating horizon (i.e. Bosost area in the Valle de 
Aran). But when it stopped Jower down in the 
little differentiated rock sequence of the upper 
1000 m of the Cambro-Ordovician, then the 
separating zone is independent of the lithology 
and is strongly discordant to the stratigraphy. 

In the infrastructure two distinct major phases 
could be ascertained, a synkinematic and a late- 
kinematic, the latter being characterized by 


1 Geological Institute, University of Leiden, Nether- 
lands. 


granitization processes. Both are closely related 
to a specific type of metamorphic action; the 
synkinematic phase to a dehydration process, the 
late-kinematic to a process of water influx. 


It seems probable that the late-kinematic 
process is only poorly developed in the Pyrenees. 
Indications of the start of rheomorphic processes 
have been found (Allaart, 1959) but migmatic 
doming and penetration upwards of rheomorphic 
anatexites as described from Scandinavia, Green- 
land and Canada (Kranck 1957) and elsewhere 
are lacking. The structure of the Greenland 
Caledonides as described by Haller 1956 and 
Wenk 1956, could be characterized in this con- 
text as an orogene where the late-kinematic phase 
was much more important than the synkinematic 
phase. In the highly metamorphic scottish Moine 
series the original sedimentary structure has 
often been preserved. I think that means that 
there the first tectonic phase, the synkinematic, 
was weak and the second was strong. In some 
regions of the Pyrenees the cleavage folding in 
the phyllites of the suprastructure is so strong 
that all the original bedding except the most 
extremely contrasting lithology has been destroyed. 


The problem of following these metamorphic 
phases upwards towards and in the suprastructure 
is difficult (see also Wegmann, 1953). Several 
phases have been distinguished in the phyllites 
and slates of the Pyrenees and they are very 
similar to the succession which has been es- 
tablished in the Rheinische Schiefergebirge. 
Whether they do reflect the succession of syn- 
and late-kinematic phases of the infrastructure, 
is doubtful and evidence would be diffi- 
cult to get because of the intervening disturbance 
of the separating surface. The relation of the 
rotating phase to the cleavage phases in the 
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Mosel basin is an important contribution. It is 
present in the Pyrenees also where in the south 
the cleavage dip decreases to 20° north. The 
question now arises whether such vertical 
movements could also be related to one of the 
metamorphic phases, for instance that the 
doming effect of the regional metamorphism is 
connected with them and thus’ with the late- 
kinematic phase. I do not think this question 
can be answered yet. 

Theoretical considerations always presumed 
that some concentric folding must precede 
cleavage folding. Dr. Hoeppener has proven that 
in the Rheinische Schiefergebirge the folding 
advanced from SE to NW, from Hunsrück to 
Eifel and that the second cleavage in the south 
is the same as the first cleavage in the north, 
the latter being superimposed on already existing 
concenttic folds. 


SUPRA-STRUCTURE 


1) vertical axial plane cleavage 
folding 


2) several kinds of cross folding 
and parallel folding, 
fracture cleavage 


3) dilatation 
knickzones 
faults 
granite intrusion 


It would be tempting to look for a relation 
of the successive tectonic phases of the infra- 
structure or those of the cleavage zone with an 
established stratigraphical succession of tectonic 
phases in the top of a suprastructure, Or, in 
connection with my own subject, are the three 
successive phases of different directions in the 
Cantabrian Mts perhaps a reflexion of events in 
a deeply buried regional metamorphic core of 
that mountain system? It would not be surprising 
if the classical succeeding tectonic phases of an 
orogenic period did reflect deeply buried events 
of metamorphic origin. 

The reports from Scotland, the Pyrenees and 
from the Rheinische Schiefergebirge insist on 
the continuous character of the deformation 
process. Although different phases can be dis- 


tinguished, none of them suggests that periods 
of quiescence reigned in the whole region, sepa- 
rating the phases. The report from the Cantabrian 
Mts on the other hand describes in the classical 
way the tectonic phases as separated by periods 
cf quiescence and sedimentation, the whole . 
process from the first to the last tectonic process 
lasting at least some 20 to 40 million years. 
Are these different conclusions really contra- 
dicting? I think they are not. In the stratigraphic 
method a tectoniic phase is determined mainly 
by the stratigraphic age of the base of uncon- 
formable formation, a very inexact method to 
determine the folding event. Moreover the nature 
of sediments, conglomerates and such, often 
demonstrate that movement was going on after 
this date and each of the three folding phases is 
accompanied by precursory sub-phases. Probably 
it is more the different methods of approach to 


INFRA-STRUCTURE 


1) synkinematic regional 
metamorphism, horizontal 
schistosity, B axis 
crystal growth. 


2) late kinematic symmetric 
cross folding and 
parallel folding 
granitization. 


3) rheomorphism . 
granite sheet intrusion 
granite plutons 


the problem than a difference in structural 
development which created this apparent contra- 
diction. 

The tectonically defined sequence of events in 
the Pyrenees could very well be fitted in the 
time interval mentioned above. 

Another question arises as to the succeeding 
fold directions. The variation of trends in the 
Rheinische Schiefergebirge seems to have de- 
pended on local deveiopments in a generally 
constant stress field. For the Pyrenees it has been 
suggested that the NW and NE trends, crossing 
the E-W trend in the infrastructure are due to 
failure along oblique shear planes under a 
constant N-S directed stress. In Scotland some of 
the cross folds are described as contemporaneous 
and others could be due to a secondary stress 


field derived from the main one. Again the 
Cantabtian Mts seem to offer the greatest diffi- 
culty. In a former paper de Sitter (1957) pro- 
posed with quite different arguments that the 
NNW trending folds of Asturian age in the 
Pisuerga basin were not due to an ENE directed 
stress field but are a feature due to an oblique 
shear related to the original N-S stress. 

Zwart showed us that in the Pyrenees the NW 
and NE cross folding and the N-S axis of 
rotation are symmetrically arranged to the E-W 
synkinematic fold direction and are closely 
related to the late-kinematic granitization, both 
in space and in time. We found in the Cantabrian 
Mts a NNE and NNW cross folding, also 
symmetrical to the first E-W folding, but not 
connected with any regional metamorphism. If 
the coincidence of the cross folding directions 
in the two mountain chains has any significance 
and is not purely fortuitous, then the stress field 
must be the primary factor in both cases. In that 
case the granitization process is also located and 
set in motion by the stress-field, supported by 
the continuation of the metamorphic processes. 

Much work has still to be done in order to 
arrive at a better understanding of the interaction 
between the infrastructure and the supra-structure, 
between the stress-field and the metamorphising 
factors. The relative intensities of the successive 
tectonic and metamorphic phases determines the 
final shape and character of an orogene, but we 
still have to learn how to determine and formu- 
late this relation satisfactorily. 

An attempt to summarize the evidence pre- 
sented to day would point out that in a complete 
orogene with a well-developed syntectonic region- 
al metamorphism, non-metamorphic border 
zones must be distinguished from a central meta- 
morphic complex on one hand, and a supra- 
structure from an. infrastructure on the other. In 
the central infrastructure crossfolding accompa- 
rıies the gradual development of the regional 
metamorphic stages from synkinematic to 
granitization. In the border zones a precursory 
phase of simple folding is followed by cleavage 
folding in at least two stages. Vertical movements 
possibly connected with the granitization phase, 
in some cases leading to migmatic doming, are 
clearly demonstrated by tilting of the cleavage 
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in the border zones. The final stage, which has 
not been touched in these papers seems to be a 
dilatation phase with knick-zones in the border 
zones, probably followed or accompanied by 
faulting, further vertical movements and an in- 
trusive magmatic phase. Because we can follow 
this instrusive stage also in successive stages 
ftom initial rheomorphism (Allaart, 1959) to the 
first sheet like intrusions (Guitard, 1958) and 
finally to the real intrusive granodiorite or granite 
masses, the last tectonic dilatation phase is also 
connected with the final magmatic phase. Thus 
the first synkinematic regional metamorphic 
phase is directly connected with the first folding 
phase of the suprastructure and border zones 
and the last intrusive magmatic phase is directly 
connected with the last dilatative tectonic phase. 
It is reasonable to suppose also that the inter- 
vening cross-folding phases of the infrastructure 
have had their repercussions in cross-folding or 
successive cleavages in the suprastructure. Perhaps 
the best way to formulate this suggestion is to 
set up a simple table. To the left the tectonic 
phenomena observed in supra-structure and 
border land and to the right the succession of 
kinematic characteristics of the infra-structure. 
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Die Uran- und Goldlagerstätten Witwatersrand 
— Blind riwer District — Dominion Reef — 
Serra de Jacobina: Erzmikroskopische Unter- 
suchungen, von P. Ramdohr. 35 S., mit 19 Abb. 
Akademie-Verlag, Berlin 1958. 

De hier aangekondigde vergelijkende ertsmicrosco- 
pische studie van precambrische, goud- en uranium- 
houdende conglomeraten van een viertal vindplaatsen 
in de oude schilden, waarvan de Witwatersrand in de 
Transyaal en kortgeleden ook het Blind river uranium 
district in Ontario de grootste bekendheid hebben ge- 
kregen, bouwt voort op een twee jaren eerder door de 
zelfde schrijver uitgegeven geschrift over "Neue Be- 
obachtungen an Erzen des Witwatersrands in Südafrika 
und ihre genetische Bedeutung” (Akademie-Verlag, Ber- 
lijin, 1955), waarin Ramdohr zich eerder geneigd toont 
zich aan te sluiten bij de ”placerists” als bij de "hy- 
drothermalists” inzake de verklaring van de nog immer 
tot op zekere hoogte raadselachtige "bankets”. In zijn 
nieuwe studie legt de schrijver er de nadruk op, dat de 
conglomeraten der vier bestudeerde vindplaatsen op 
het oog vrijwel niet van elkander kunnen worden on- 
derscheiden, terwijl er ook onder het ertsmicroscoop 
tot in details grote overeenkomsten blijken te bestaan 
naast enkele graduele verschillen. De resultaten van 
het nieuwe onderzoek, waarvoor een grote verscheiden- 
heid van nieuw materiaal de schrijver ter beschikking 
stond, worden verduidelijkt door een 76-tal fraaie mi- 
crofoto’s. Voor een juist begrip van de mineralogie der 
behandelde afzettingen zijn de twee hier genoemde 
geschriften, zomede Ramdohr’s publikaties over radio- 
actieve hoven, in welke laatste veel voorbeelden zijn 
ontleend aan materiaal afkomstig van de goud- en ura- 
niumhoudende conglomeraten van Zuid-Afrika (edities 
Akademie-Verlag, Berlijn, 1957, 1958) als onontbeer- 
lijke standaardwerken te beschouwen. 


J.W. 


Geophysical surveys in mining, hydrological and 
engineering projects, VIII + 270 p., with il- 
lustrations. European Association of Exploration 
Geophysicists, 1958, 

Dit boek, dat door de European Association of Ex- 
ploration Geophysicists met steun van de Amerikaanse 
Society of Exploration Geophysicists werd uitgegeven, 
is een verzameling van geofysische "case histories” op 
het gebied van respectievelijk de opsporing van ertsen, 
van de hydrologie en van civiele werken. Het gebruik 
van geofysische opsporingsmethoden in de olieexplora- 
tie is hierbij niet inbegrepen, Het boek dat goed ver- 
zorgd is en bijdragen bevat uit vele, hoofdzakelijk 
Europese landen, is een interessante en leerrijke ver- 
zameling geworden. De toepassing van een grote ver- 
scheidenheid van geofysische methoden wordt bespro- 
ken. Het eerste deel van het boek geeft voorbeelden 
van de toepassing bij her opsporen van afzettingen van 
ertsen (ijzer, zink, koper, zwavel, uranium-vanadium), 
van steenkool en van klei voor de baksteenindustrie. 
Het tweede deel beschrijft toepassingen voor het loka- 
liseren van watervoerende lagen voor de drinkwater- 
voorziening en het derde deel besluit met toepassingen 
voor het bepalen van diepte en verspreiding van het 
vaste gesteente, dat als fundament voor grote civiele 
werken kan dienen. 

Er is naar gestreeid alle gebruikelijke geofysische 
methoden tot hun recht te doen komen en dit doel is 
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zeker bereikt. De verschillende elektrische, de elektro- 
magnetische, magnetische, radiometrische, gravimetri- 
sche en (refractie) ‚seismische methoden zijn in juiste 
proporties vertegenwoordigd. De illustraties zijn duide- 
lijk en doeltreffend. 

De European Association of Exploration Geophysi- 
cists kan worden gefeliciteerd met deze geslaagde ver- 
zameling van "case histories”. Een dergelijk overzicht 
van praktische toepassingen der geofysica buiten het 
gebied van de olie&xploratie bestond nog niet en zal 
mede daarom door alle exploratie-geofysici bijzonder 
worden gewaardeerd. 


'dA.G. 


Statistische Zusammenstellungen über Alumi- 
nium - Blei - Kupfer - Zink - Zinn - Kadmium 
- Magnesium - Nickel - Quecksilber und Silber. 
xi + 248 S. Metallstatistik 1949-1958. 46. 
Jahrgang, Frankfurt am Maim 1959. 

In de 20ste jaargang van dit tijdschrift (1958, p. 
300) werd een bespreking gegeven van de 44ste jaar- 
gang der door de Metallgesellschaft A.G. uitgegeven 
statistische overzichten over produktie, verbruik en 
prijsverloop van aluminium, lood, koper, zink, tin, cad- 
mium, magnesium, nikkel, kwikzilver en zilver in de 
wereldhuishouding. De in even voortreffelijke opzet 
uitgegeven 4A6ste jaargang is op dezelfde wijze inge- 
deeld als de voorafgaande, om welke reden voor een 
overzicht van de rangschikking der tabellen verwezen 
kan worden naar de vroegere recensie. Er kan hier wor- 
den volstaan met het weergeven van enige interessante 
feiten, welke worden vermeld in het inleidende over- 
zicht over het jaar 1958 en de eerste helft van 1959 in 
de nieuwe uitgave, en van een aantal aspecten betref- 
fende de verdeling der produkties van de 10 genoemde 
non-ferrometalen. 

Wat de politiek van metaalvoorraadvormingen door 
de regeringen van enige landen betreft, kan er op wor- 
den gewezen, dat de voorraadvorming uit produktie- 
overschotten de laatste jaren aan het afnemen is. De 
Britse regering is er zelfs toe overgegaan haar voorra- 
den in sterke mate af te stoten; t.a.v. de V.S. is het 
vermoeden, dat dit land zijn voorraad van 5.000.000 
ton metaal op de markt zal brengen, niet bewaardheid 
geworden. 

Door een te groot aanbod zijn in de laatste jaren 
t/m 1958 de metaalprijzen in het algemeen sterk ge- 
daald, hetgeen tot nationale en internationale discus- 
sies over middelen tot het bereiken van metaalprijssta- 
bilisaties aanleiding heeft gegeven. De meningen over 
dit punt bleken sterk uiteen te lopen. Er werd o.a. op 
gewezen, dat het bereiken van een prijsstabilisatie in 
de vorm van een bevriezen van een grondstofprijs een 
ongunstigere uitwerking kan hebben dan de aanpassing 
van prijzen aan de verhouding tussen vraag en aanbod. 
Deze aanpassing kan verder worden bemoeilijkt door 


‚douanetarieven, contigenteringen, verboden van in- en 


uitvoer, enz. Als middel tot het bereiken van een ge- 
leidelijke economische ontwikkeling en een rustig ver- 
loop van metaalprijzen wordt van Duitse zijde voor- 
gesteld om te geraken tot een samenwerking inzake 
conjunctuurpolitiek door de landen der: E.E.G. Ge- 
hoopt wordt van die zijde, dat het initiatief van 7 
Europese landen (Groot Brittannie, Zweden, Noorwe- 
gen, Denemarken, Zwitserland, Oostenrijk, Portugal) 


om een zg. kleine vrijhandelszone te vormen er toe zal 
leiden, dat de grote vrijhandelszone, welke alle West- 
Europese landen met de E.E.G. verbinden zou, toch nog 
tot stand zal komen, en door de landen der E.E.G. alles 
vermeden wordt om deze stap te bemoeilijken door o.a. 
de heffing van beschermende rechten op grondstoffen 
in het handelsverkeer naar buiten. De E.E.G. zal de 
hoogte van haar invoerrechten op metalen en half af- 
gewerkte metaalprodukten in het handelsverkeer buiten 
de Gemeenschap aan moeten passen aan dit handels- 
verkeer. 

De produktie der 6 voornaamste non-ferrometalen in 
de westelijke wereld daalde van 11,12 x 10% ton in 1957 
tot 10,73 x 10% ton in 1958, dus met 3,5%. Slechts de 
Al-produktie steeg, en wel van 2,75 x 10% tot 2,81 x 
106 ton. Daarentegen was het verbruik der 6 bedoelde 
metalen in de westelijke wereld in 1958 slechts 40.000 
ton lager dan in 1957. Het verbruik van Al resp. Cu 
steeg resp. 3,5% en 0,8%, terwijl dat van resp. Ni, Sn, 
Pb en Zn resp. 25%, 4%, 3% en 2% daalde. De in- 
geperkte produktie der 6 metalen overtrof in de vrije 
wereld in 1958 het verbruik nog met 700.000 ton. Toch 
viel voor Sn, Pb en Zn in de eerste helft van 1959 op 
de Londense beurs nog gemiddeld een geringe prijs- 
stijging waar te nemen; alleen voor het Cu ging de 
prijs wat omlaag. Voor Cu, Sn en Zn waren de prijzen 
in de eerste helft van 1959 gemiddeld aanmerkelijk 
hoger dan in 1958, terwijl zij voor Cu en Sn ook aan- 
zienlijk boven het gemiddelde van 1957 lagen. Voor 
Pb lag de prijs in 1959 gemiddeld onder die van 1958 
en ver onder die van 1957. 

Op de koperprijzen van einde 1958 en midden 1959 
hadden stakingen in resp. Rhodesia, Canada (bij de In- 
ternational Nickel Cy.) en in de V.S. een opdrijvende 
invloed. 

De stabilisering van de tinprijs. is bewerkstelligd 
door de maatregelen van de Internationale Tinraad, 
welke o.m. wist te bereiken, dat de tinuitvoer der 6 be- 
langrijkste tinproducerende landen der westelijke we- 
reld in de tijd tussen 15 december 1957 en het einde 
van het derde kwartaal van 1958 met 40% werd inge- 
krompen. In september 1958 moest de Beheerder der 


. Tinbuffervoorraden zijn interventie echter staken door 


het uitgeput raken van zijn reservefondsen, waardoor 
de tinprijs van 730 &£ tot 640 £ zakte. Doordat de in- 
ternationale tinovereenkomst desalniettemin van kracht 
bleef en de USSR bereid werd gevonden om de uitvoer 
van tin in 1959 te beperken, herstelde de tinprijs zich 
weer boven het interventiepunt van 730 £. Bij het be- 
reiken van een prijs van 780 £ werd de Beheerder van 
de Tinbuffervoorraden gerechtigd uit de voorraden te 
verkopen. Door de verandering van de toestand konden 
tenslotte de exportquota voor het 2de en 3de kwartaal 
van 1959 weer worden verhoogd. 

De overproduktie van lood en zink in 1957 en 1958 
leidde in september 1958 tot het bijeenroepen van een 
Pb-Zn-conferentie te Londen door de Verenigde Naties, 
teneinde te geraken tot de ontwikkeling van plannen 
om tot de instelling van een evenwicht tussen vraag en 
aanbod te komen. De besluiten van deze conferentie 
werden echter doorkruist door een besluit van Presi- 
dent Eisenhower om de invoer van lood en zink in de 
V.S. in de vorm van ertsen, concentraten en ruw me- 
taal tot 80% van de gemiddelde invoer gedurende de 
jaren 1953—1957 te beperken. De tweede Pb-Zo-con- 
ferentie te Geneve in november 1958 werd daardoor 
tot mislukken gedoemd. Een derde conferentie te New 
York, van 28 april tot 6 mei 1959, beval het vormen 
van een studiegroep voor lood en zink aan, welke nauw 
zou moeten samenwerken met het statistische bureau 
der Verenigde Naties. Door een aantal der belangrijk- 
ste produktielanden werd verklaard, dat zij de Pb-Zn- 
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mijnbouwproduktie vrijwillig wilden beperken of reeds 
hadden beperkt. 

Op de zinkmarkt kwam einde 1958 door de gestegen 
vraag een prijsverhoging tot stand, doch op de lood- 
markt had het economische herstel der V.S. en van 
West-Europa geen invloed. De loodprijzen behaalden 
hun laagste punt pas in maart 1959, pas in de laatste 
maanden van de eerste helft van dat jaar begonnen de 
loodvoorraden te slinken. Door deze ontwikkeling lag 
de Londense zinkprijs, die jarenlang lager was dan de 
loodprijs, einde 1959 ongeveer 10 £ boven de loodprijs. 
In de V.S. bleef lood echter nog ongeveer 10% duur- 
der dan ziak. 

De vraag naar aluminium herstelde zich na de terug- 
slag in 1957 en 1958 vooral in de V.S., op welk ver- 
schijnsel o.m. de opkomst van nieuwe toepassingsmo- 
gelijkheden van Al in de automobielindustrie en het 
bouwezen van invloed waren. De stilgelegde Al-ovens 
werden voor het grootste deel weer in bedrijf gesteld, 
doch in Canada bleef men door de bescheidener vraag 
naar Al in dit land nog met stilgelegde verwerkings- 
capaciteiten zitten. In het algemeen bleven de Al- 
prijzen in 1959 bijna onveranderd. 

Procentueel het sterkst daalde in 1958 de prijs van 
het nikkel in vergelijking met 1957 als gevolg van het 
zeer geringe gebruik van de capaciteiten van de staal- 
industrie in de V,S.; hier kwam nog bij, dat de aanko- 
pen voor de strategische reserves in de V.S. werden 
gestaakt, hetgeen tot een overmatig aanbod van nikkel 
leidde. In 1959 trad er echter in V.S. weer een krach- 
tig herstel in in de vraag naar dit metaal als gevolg 
van de opleving in de staalindustrie en van de verbe- 
tering in de conjunctuur. 

Wat de verhouding tussen de metaalprodukties van 
de westelijke wereld en die van het oostelijk blok be- 
treft, heeft zich in het algemeen de toestand gehand- 
haafd, dat de eerste enige malen hoger zijn voor de 
belangrijkste metalen en zich hiervoor tussen de pro- 
orties 6:1 en 3:1 (voor resp. koper en Sn-Al-Ni) be- 
wogen. De cadmiumproduktie was in 1958 in de weste- 
lijke wereld, indien men althans op de schattingen voor 
het oostelijke blok kan vertrouwen, zelfs 15 maal ho- 
ger, doch wat het magnesium betreft, schijnt het ooste- 
liijke blok iets in het voordeel te zijn. De totale we- 
reldproduktie van Mg is echter van de orde van niet 
meer dan 120.000 ton. 

Onder de bauxietproducenten is in 1958 Malakka op 
niet onbelangrijke wijze op de markt verschenen, nadat 
het in 1951 nog vrijwel niets voortbracht. Ook Sera- ' 
wak werd in 1958 bauxietproducent, terwijl er grote 
produktiestijgingen plaats hadden in Frans West-Afrika, 
Ghana en Jamaica. Jamaica werd de grootste producent 
ter wereld en liet in 1957 en 1958 de vroegere kam- 
pioen Suriname in belangrijke mate achter zich. 

Wat het tin betreft, valt in 1958 een sterke produk- 
tiestijging te constateren in de USSR en China. Rus- 
land bereikte in dit jaar ongeveer de produktiecapaciteit 
van Bolivia, terwijl de Chinese produktie ongeveer zo 
groot was als die van Indonesi@ in 1957. 

De produktie van nikkelerts, waarin Canada nog 
steeds ongeslagen aan de spits staat, blijkt sedert 1949 
in de V.S. niet onbelangrijk te zijn gestegen, hoewel zij 
in dit land nog slechts een fractie bedraagt van die in 
het noordelijke nabuurland. Nieuw Caledonie, dat lan- 
ge jaren de tweede producent was, werd in 1958 voor- 
bijgestreeft door Cuba, dat in 1957 nog slechts de helft 
van de Nieuw-Caledonische voortbrenging had. 

Kwikzilver wordt nog altijd in hoofdzaak gewonnen 
in ItaliE en Spanje, als derde gevolgd door de V.S. 
Sterk in opkomst op dit gebied blijkt echter China te 
zijn, van welk land de Hg-produktie van vrijwel niets 
in 1949 tot 800 ton in 1958 steeg. J.W. 
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GEOLOGISCHE SECTIE 
Dinsdag 31 mei 1960 - aanvang 20 uur 
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over: 


”De tektoniek van Nienw-Zeeland” 
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Salisbury, South Rhodesia, P.O. Box 109. (g). 

KOOP, geol. drs. ©. J. — van 1-4-1960—1-9-1960: 
Veendam, Prins Bernhardlaan 5 A. Daarna: 
adres volgens ledenlijst. (g) (gk). 

MANTEN, A. A. — Utrecht, Bosch van Drakestein- 
laan 4. (bg) (U.G.V.). 

OUDEMANS, geol. des. W. — Geoloog; Manokwati, 
Ned. Nieuw Guinea, p/a Stichting Geol. Onder- 
zoek Ned. Nieuw Guinea. (m). 

PRADE, H. ©. — Leiden, Jan Pietersz. Coenhof 8. (bg) 


(EGYIE 

RÜPKE, J. — Reeuwijk, ‘s-Gravenbroekse Weg 61. 
(bg) (L.G.V.). 

SCHERMERHORN, Dr. L. J. G. — Bussum, Konings- 
laan 10. (g). 


SORBIJE, Mej. R. C. — Bergen, Noorwegen, Sol- 
lien 72D. (g). 

STRIK, Th. G. J. — Spijkenisse, 
straat 34. (bg) (M.V.D.). 


Willem  Kloos.: 


Mutaties: 

FUCHTER, Dr. J. H. G. — van (g) naar (g) (gk). 
HEMMINGS. H. — van (g) (gk) naar (g). 

HINTE. J. E. van — van (bg) naar (g). 


Correcties: 

Gouvernement van Ned. Nieuw Guinea — 's-Graven- 
hage, Koninginnegracht 40, p/a Ministerie van 
Binnenlandse Zaken, Directie Ned. Nieuw Gui- 
nea, 2e Afdeling. b). 

VISSER, Prof. Dr. S. W. — Oud-Buitengewoon Hoog- 
leraar. 

VISSER, Dr. W. A. — Voorburg, Kon. Jzlianalaan 98. 
(8) (ek). 


Overleden: 
CORNELISSEN, m.i., Ir. A. J. R. — (b) (K). 


Adressen gevraagd: 


BECKERING VINCKERS, m.i., Ir. H. — (b). 
OSBERGER, Dr. R. — (m). 

SNIJDERS, m.i. Ir. P. A. — (m). 
VERVLOET, C. C. — (bg) (U.G.V.). 
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N.V. PHILIPS’ GLOEILAMPENFABRIEKEN EINDHOVEN 


Ten behoeve van de steeds toenemende fabricage-activi- 
teiten, onder meer in andere werelddelen, worden gezocht 


-met buitenlandse ervaring, die, na enige jaren technische 
opleiding in Nederland, in bestaande en nog op terich- 
ten fabricagecentra in binnen- en buitenland verantwoor- 
delijke posities zullen moeten gaan bekleden. 


Sollicitaties te richten aan de Afdeling Personeelzaken, Willemstraat 20, Eindhoven, onder G.M. 60086 
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SCHOENZOLEN matiger, 
DirectbesteldbiiRRR. Referenties van 25 jaar 
Volgenstoegezonden : intensief gebruik ter inzage. 
maat, mal öfttekening ..- Geleverd aan de grootste 


> TELEFOO) instellingen in NEDERLAND 
RR.R. WIJCHEN 293.K8894. en het BUITENLAND. 
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complete toebereidingsinstallaties voor kolen, ertsen 
en andere mineralen volgens de nieuwste stand der techniek. 


Toebereiding met zware vloeistoffen 
door middel van drijf- en zinkscheiders of wascyclonen. 


Nat-mechanische toebereiding 
door middel van spoelmachines of spoeltafels. 


Toebereiding door schuimvorming (flotatie) 


Toebereiding door magnetisme 
door middel van electromagnetische of 
permanentmagnetische scheiders. 


Voorts machines voor 
breken, klasseren, transport en opslag, indikken, ontwateren, 
zeven en stofvriimaken. 


Eigen laboratoria en beproevingsafdelingen. 
Literatuur over technische bijzonderheden en copaciteitsgegevens 
siaon steeds ter beschikking. 


Alleenvertegenwoordiging: 


INDUSTRIEWOLF N.V., AMSTERDAM-C. singe! 56  Tet. 42426 


WESTFALIA DINNENDAHL GRÜPPEL AG - BOCHUM 


A.G. EISENHÜTTE PRINZ RUDOLPH - DULMEN /WESTEF. 
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“n.v. Nationale Staalindustrie 
De Steeg (G) 


VOOR ALLE JAARGANGEN 
LEVEREN WI) 


VERZAMELBANDEN 


N 7 EXCLUSIEF 
u VERZENDKOSTEN 


UITGEVOERD IN GRIJS NATUURLINNEN 
EEN BIJZONDER MECHANIEK MAAKT 
HET MOGELIJK DE 12 LOSSE NUMMERS 
OP EENVOUDIGE WIZE IN DE BAND 
TE BEVESTIGEN 
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BESTELLINGEN AAN N.V. STAALDRAADKABEL- EN HERCULESTOUWFABRIEK 


ADMINISTRATIE GEOLOGIE EN MIINBOUW „nJ.CEDENF 
HOFWIJCKSTRAAT 9 - "s-GRAVENHAGE GORINCHEM 
TELEFOON (070) 111875 
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N.V. VEREENIGDE TOUWFABRIEKEN 


ROTTERDAM . AMSTERDAM 


TYPE SP 


nieuwe 
verbeterde 


kwaliteit 


Dezialfabrik für Industriesiebe 
ortmund-Brackel, Tel. 532.25 


ADVERTEREN IN 


GEOLOGIE EN MIJNBOUW 


BETEKENT: 


ALLE BELANGHEBBENDEN 


IN EENS BEREIKEN 


U voert weg- en 
waterbouwwerken uit... 
Wij leveren U 
de werktuigen! 


INf-matra Bull- en Angledozers, 


Voor- en Owverladers voldoen 
aan de hoogste eisen. Zij worden geleverd met mo- 
torvermogens van 30, 40, 50, 60 en 70 PK; vrijwel 
alle typen zijn uitgevoerd met keerkoppeling. 


VAN KRANENBURG, als verkooporganisatie, ver- 
strekt u alle gegevens over deze door N.V. IMATRA 
te Apeldoorn geimporteerde en samengebouwde 
combinaties. 


Breng het eerste contact tot stand door ons NU- 
nadere inlichtingen te vragen. 


verrassende veelzijdigheid 


Werktuig- en Transport en Grondverzet 
Plaatbewerkingsmachines 
Draaibanken en -automaten Draglines en rupskranen 
Radiaul., ‚kolom-en tafel- Bulldozers en sleuvengravers 
boormachines Wiel- en rupslaadschoppen 
Kotter- en carousselbanken Bandtransporteurs 

Frees - en tandwiel- Trilgoten en -zeven 
freesmachines Tractoren en hulpwerktuigen 
Shapers en plaatschaafbanken 
Zaag- en draadsnümachines 
Sljpmachines (o.a. rond- en 
gereedschapslijpmachines) 
Plaat- en profielwalsen 
Guillotine- en rolscharen 
Hydraulische en afkantpersen 


Gereedschappen 


Mobiele en railkranen 


Pneumatiek en Hoogfrequent 


Luchtcompressoren 
Pneumatisch gereedschap 
Hoogfrequent gereedschap 


Oppervlaktebehandeling 
Machinegereedschappen gen 


Schroefdraadrolkoppen Installaties voor staalstralen, 


Meet- en spangereedschappen 
Dynamische balanceermachines 
Kogel- en. cardankoppelingen 


metalliseren en verfspuiten 
Gieterijmachines en-installaties 
Industrieovens 


VAN KRANENBURG 


Rosaliahuis « Leeuwenstraat 19 


Rotterdam-C e Telefoon 120077 


GOSIO MIJ NBOOW 


N.V. WERF GUSTO v/h FIRMA A. F. SMULDERS 


SCHIEDAM 


TELEFOON ROTTERDAM 
69030 (4 L) 69420 (4 L) 


GELEEN 


TELEFOON 3345-3346 


SERVICEBEDRIJF VOOR 
DE MIJNEN 


SKIPVERVOER 


BOVENGRONDSE- 

KOLENVERWERKING 
WASSERNEN,SYSTEMEN STAMICARBON 
O.A. STAATSMIINEN CYCLOON- EN 
DRIJFWASPROCEDE’S 
MECHANISCHE KOOLWINNING 
O.A. SCHRAPER- EN SCHAAFINSTAL- 
LATIES 


TRANSPORTINRICHTINGEN 


MULTISCHAAFINSTALLATIE 


Leveranties in: 
Nederland, Belgie, Frankrijik en Engeland 


WALZENLADER 
SCHRÄMMASCHINEN 
GUMMIBANDANLAGEN 
STAHLGLIEDERBÄNDER 


DOPPELKETTENFÖRDERER 


PFEILRADMOTOREN 


GETRIEBE 


“ VERTEGENWOORDIGING 
VOOR NEDERLAND: SJEF G. DE GROOT 

HOOLSTRAAT 53-55 - VOERENDAAL (L) 

TEL. (K 4446) 440 - FS 12281 
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DRUKKER & Zn N.V. 


